Variable camber rotor study by Mchugh, F. J. et al.
General Disclaimer 
One or more of the Following Statements may affect this Document 
 
 This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 
 
 This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 
 
 This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 
 
 This document is paginated as submitted by the original source. 
 
 Portions of this document are not fully legible due to the historical nature of some 






















NASA CONTRACTOR REPORT 166382
(NASA-CR-166782)
	
VARIA©LF CAMPER ECTCR 	 N83 -19740
STUCY (Bceiny Vectol Co., Ehiladelrhia, Pa.)
227 p HC A 11/'1F Ail(	 CSCL 31C
Ui:C1dS
G3/05 09174
Variable Cambar Rotor Study
CONTRACT NAS2-10768
August 1982
NASA CONTRACTOR REPORT 166382













Moffett Feld. California 94035
BOEING VERTOL DOC. NO. D210 11938-1
D210-11938-1
PRECEDING PAGE BLANK NOT FiLIVE
TABLE OF CONTENTS
Page
List of FigL es	 iv
List of Tables	 x
List of Symbols	 xi
1.0 Summary	 1
2.0 Introduction	 7
3.0 Review of Variable Camber Concepts 	 15
4.0 Variable Camber Modification of Rotor
Performance and Loads Analysis Codes	 31
5.0 Definition of the Sectional Characteristics
of Variable Camber Airfoils	 39
6.0 Performance Characteristics of Variable
Camber Rotors - Potential Benefits	 82
7.0 Mechanical Feasibility 	 98
8.0 Conclusions and Recommendations 	 111
9.0 References	 128
10.0 Appendices
(a) Coordinates of the A-1 Airfoil with
35% and 50% Plain T.E. Flaps
(b) Sectional Characteristics of the A-1
Airfoil with a 35% Plain Flap






(1) Rotor Environment in Forward Flight 9
(2) Lift Coefficient and Mach Number Require-
ments 10
(3) Comparison of Helicopter Rotor Airfoils 12
(4) Regions of Variable Camber Deployment in
Forward Flight 14
(5) Effect of Sectional Pitching Moments on
Blade Loads 17
(6) Compressibility Effects on Drag and Pitching
Moment Characteristics of Several Helicopter
Rotor Sections 18
(7) Variable Camber Concepts Considered for the
A-1 Airfoil 22
(8) Baseline A-1 Airfoil. 	 Pressure Distribution
at M = 0.4, a = 4 0 23
(9) A-1 Airfoil, Mod. 1. 	 Overall Camber Change
by Upper Surface Modification.	 Pressure
Distribution at M = 0.4, a = V 24
(10) A-1 Airfoil, Mod. 2.
	
Trailing Edge Camber
Change by Upper Surface Displacement.
Pressure Distribution at M = 0.4, a = 4 0 25
(11) A-1 Airfoil, Mod. 3. 	 Leading Edge Camber
Change by Localized Lower Surface Deflec-
tion.	 Pressure Distribution, at M = 0.4,
a = 4° 26
(12) A-1 Airfoil, Mod. 4. Leading Edge Camber
Variation by Lower Surface Change Distri-
buted over about 1/3 Chord. Pressure
Distribution at M = 0.4, a = V 	 27
(13) A-1 Airfoil, Mod. 5. Camber Variation by
Increasing Mean-Line Curvature at the Trail-
ing Edge (Rear Loading). Pres.ure Distri-
bution at M = 0.4, a = 4 0	28
(14) A-1 Airfoil, Mod. 6. 35 °4 Plain Trailing
Edge Flap Ddeflected 5.0°. Pressure Distri-






(33) Maximum Positive End Negative Lift
Boundaries for the A-1 Airfoil with a
0.35c Plain T.E. Flap.
	 6Flap	 5.0 0 61
(34) Maximum Positive and Negative Lift
Boundaries for the A-1 Airfoil with a
0.35c Plain T.E. 	 Flap.
	 6 Flap = 10.0 0 62
(35) Maximum Positive and Negative Lift
Boundaries for the A.-1 Airfoil with a
0.35c Plain T.E. Flap.
	 6 Flap = 15.0 0 63
(36) Definition of Drag Tables 64
(37) Effect of Compressibility on the Pitching
Moment about the Aerodynamic Center as
Estimated for the A-1 Airfoil with a 0.35c
T.E.	 Flap 65
(38) Lift/Drag Polars of the A-1 Airfoil with a
0.35c T.E. Flap as Approximated by the Air-
foil Tables.	 M=0.3 67
(39) Lift/Drag Polars of the A-1 Airfoil with a
0.35c T.E. Flap as Approximated by the Air- III
foil Tables.	 M=0.4 68
(40) Lift/Drag Polars of the A-1 Airfoil wit:i a
0.35c T.E. Flap as Approximated by the Air-
foil Tables.	 M=0.5 69
(41) Lift/Drag Polars of the A-1 Airfoil with a
0.35c T.E. Flap as Approximated by the Air-
foil Tables.	 M=0.6 70
(42) Lift/Drag Polars of the A-1 Airfoil with a
0.35c T.E. Flap as Approximated by the Air-
foil Tables.	 M=0.7 71
(43) Lift/Drag Polars of the A-1 Airfoil with a
0.35c T.E. Flap as Approximated by the Air-
foil Tables. M=0.8	 72
(44) A-1 Airfoil with a 0.50c Plain T.E. Flap 	 74
(45) Estimated Maximum Lift Boundaries of the A-1
Airfoil with a 0.50c Plain T.E. Flap 	 75
(46) Lift Curve Slope of the A-1 Aii:foil with a









(47)	 Angle of Zero Lift of the A-1 Airfoil	 77
with a 0.50c Plain T.E. Flap
(48) Maximum Positive and Negative Lift
Boundaries for the A-1 Airfoil with a
0.50c Plain T.E. 	 Flap.
	 6Flap	 -5.0° 78
(49) Maximum Positive and Negative Lift
Boundaries for the A-1 Airfoil with a
0.50c Plain T.E. 	 Flap.
	 6Flap	 -5.0° 79
(50) Maximum Positive and Negative Lift
Boundaries for the A-1 Airfoil with a
0.50c Plain T.E.	 Flap.
	 6 Flap = 10.0 0 80
(51) Effect of Compressibility on the Pitching
Moment Coefficients of the A-1 Airfoil
with a 0.50c T.E. Flap 81
(:.2) Lift Coefficient Variation with Radius
and Azimuth for CT/a = 0.10, N = 0.39,	 6 f = 0 89
(53) Comparison of Schedule A16 and Baseline.
C,T,/o = 0.06,	 N = 0.39,	 x = 0.048	 (a) Flap
Deflection Angle,	 (b) Horsepower 97
(54) Blade Tip Twist - Schedule E and Baseline.
CT/a = 0.06,	 N = 0.39,	 x = 0.048 99
(55) Blade Tip Twist - Schedule Al and Baseline.
CT/Q = 0.09,	 N = 0.5,	 x = 0.046 100
(56) Rotor Instantaneous Power Variation -
Schedule Al and Baseline. 	 CT/a = 0.09,
N = 0.5,	 x = 0.046 101
(57) Variable Camhtr Blade, 3-Segment Schedule
Characteristics. 103
(58) Flap Deflection Achieved by Means of Flex-
ible Skins at the Flap Hinge. 	 104
(59) Example of Dynamic Pressure Environment in
Forward Flight.	 105
(60) Example of Local Mach Number Environment in
Forward F1ighL.	 106





(62) 3-Segment Variable Camber Flap Deflection
Scheduling. 108
(63) 3-Segment Variable Camber Hinge Moment
Loading. 109
(64) Radial Variation of Hinge Moments for
the A-1 Airfoil with a 50% Flap. 110
(65) 3-S-gment Variable Camber Mechanical
Actuation Systems. 112
(66) Variable Camber Hydraulic Actuation
Systems. 113
(67) Variable Camber Pneumatic Actuation
Systems. 114
(68) Variable Camber Electric Actuation
Systems. 115
(69) Examples of Variable Camber Deployment. 116
(70) Flap Deployment Involving Flexible Skii,s
at the Flap Hinge. 117
(71) Rigid Flap Hinge Arrangement. 118
(72) Example of Pressure Distributions for a
Flap Configuration Utilizing Flexible Skins. 119
(73) Example of Pressure Distributions for a
Flap Configuration Utilizing a Hinge
Connecting Rigid Skins. 120
(74) Rigid versus Flexible Flap Hinge. 	 Comparison
of Lift Characteristics. 121
(75) Rigid versus Flexible Flap Hinge. 	 Comparison
of Maximum Local Mach Number Boundaries. 122
(76) Rigid versus Flexible Flap Hinge. 	 Comparison
of Lift/Drag Polars. 123
(77) Rigid versus Flexible Flap Hinge. 	 Comparison






Rigid versus Flexible Flap Hinge.
Comparison of Separation Boundaries.
Approximate Weights of Variable Camber









I Summary of Variable Camber Configarations 20
II Coordinates of the A-1 Airfoil 41
III Estimated Positive Maximum Lift Charac-
teristics of the A-1 Airfoil with a 0.35c
Plain T.E. Flap 54
IV Estimated Negative Maximum Lift Charac-
teristics of the A-1 Airfoil with a 0.35c
Plain T.E. Flap 54
V Estimated Lift Curve Slope Variation with
Mach Number for the A-1 Airfoil with a 0.35c
Plain T.E. Flap 56
VI Estimated Effect of Compressibility on the
Angle for Zero Lift of the A-1 Airfoil with
I
a 0.35c Plain T.E. Flap 56
VII Sinusoidal Flap Deployment Schedules 84
VIII Non-Sinusoidal Flap Deployment Schedules 85
IX Flight Conditions and Results of B--53
Analyses 93




a Lift curve slope, Rad -1
A Rotor disc area, m2
b Number of blades
c Blade or a4.rfoil chord, m
C
 Blade element drag coefficient, drag/qc
C
 Blade element skin friction coefficient, drag/qc
C 1 Blade element lift coefficient, Lift/qc
Cm Blade element pitching moment
coefficient about the quarter
chord, Moment
_ ic--r_




 Pressure coefficient,	 (P-PPVOD2,,)/1;2
CT/C'
	Rotor thrust coefficient, T/opAVT2
CT '/o	 Rotor lift coefficient, L/opAVT2
D	 Rotor diameter, m
k	 Reduced frequency parameter, cif
2V
M	 Mach Number
P	 Rotor power, HP
P	 Measured pressure, static when no subscripts
are uF -^d
q	 Dyr►an c pressure, 1/2pV2
I*	 Blade radial station, m





LIST OF SYMBOLS (Continued)
Rn	 Reynolds Number based on chord, pVc/p
i1p
	Total of velocity components perpendicular to rotor
disc plane at a blade station, m/s
U 	 Total of Velocity Components in the Plane of theRotor Disc at a Blade Station, m/s
V	 Free Stream Velocity m/s
V 	 Rotor Tip Speed, m/s
x	 Blade Element Chordwise Location Measured from
Leading Edge, m
X	 Rotor Propulsive Force
X	 Rotor Propulsive Force Coefficient, X,/gd2a
y	 Blade Element Surface Location Measured Perpen-
dicular to Chord Line, m
N	 Advance Ratio, V/VT
a	 Blade Element Angle of Attack, Degrees
a s	Rotor Shaft, Angle, Degrees
•TPP	 Rotor Tip Path Angle as	 Pic, Degrees
P	 Blade Flapping Angle, Degrees
Pic	 Cosine Component of Blade Flapping Angle, Degrees
Pis	 Sine Compcnent of Blade Flapping Angle, Degrees
6 	 Flap Deflection, Degrees
bo	 Steady Component of Flap Deflection, Degrees
bnc
	 Cosno Component nf Flap Deflection, Degrees
bns
	 Sinno Component of Flap Deflection, Degrees
E/351	 xii
D210-11938-1
LIST OF SYMBOLS (Continued)
9 O 	Blade Collective Pitch at Centerline of Rotation,
Degrees
9 75R	 Blade Collective Pitch at 75 Percent Radius,Degrees
A	 Rotor Inflow Ratio, Degrees
o	 Density of Air, kg/m3 (Slugs/ft3)
Q	 Rotor Solidity, be
nR
v	 Kinematic Viscosity, m2 /sec ( ft2/sec)
^y	 Blade azimuth angle, Degrees
f2	 Rotor speed, Rad/s
Subscripts
ac aerodynamic center
c/4 for quantities referenced '--) the quarter chord
C, camp compressible
C camber or mean-line
i "ideal" or design value
inc incompressible
lower surface,	 in identification of airfoil
coordinates
Local, in reference to flow conditions
L.E. leading edge
max maxi .mum value
min minimum value
o zero lift condition




LIST OF SYMBOLS (Continued)
t total
t thickness distrib,.,tion
tab trailing edge tab
T.E. trailing edge




BSWT Boeing Supersonic Wind Tunnel
BTWT Boeing Transonic Wind Tunnel
r	 r.g. center of gravity
E/351	 xiv
1.0 Summary
The potential for the deployment of variable camber concepts
on helicopter rotors has been assessed by means of analysis.
It was determined that variable camber extended the operating
range of helicopters provided that the correct compromise
can be obtained between performance/loads gains and mechan-
ical complexity.
As part of this study, a number of variable camber concepts
were reviewed on a two-dimensional basis to determine the
usefulness of L.E., T.E. and overall camber variation schemes.
It was decided that the most powerful method to vary camber
was through plain T.E. flaps undergoing relatively small mo-
tions (-5 0
 to +15 0 ). The aerodynamic characteristics of the
NASA/Ames A-1 airfoil with 35% and 50% plain T.E. flaps were
determined by means of current subcritical and transonic air-
foil design methods and assembled in Lirfoil tables directly
usable by rotor performance and loads analysis codes.
In order to evaluate the potential benefits to be derived,
from variable c-nber, the B-65 forward flight analysis and
C-60 loads ana l ysis were modified to allow the interpolatioi:
of the lift, dray and pitching moment characteristics of up
to five variable camber levels. The modified codes have been
assigned the identification nar-s of B-53 and C-84 respectively.
The present study was limited to variable camber applications
outside of the reverse flow circle. Although the deployment
of variable camber inside the reverse flow region might offer
some benefits, these benefits would be offset by the require-
ment for relatively large flap deflections and by the signif-
icant degree of uncertainty in the evaluation of the reverse
flow characteristics.
The definition of variable camber schedules which would re-
sult in an improvement in rotor efficiency was gnexpectedly
difficuIc. As performance improvement was the primary objec-
tive of the current investigation, all efforts were directed
to the review of means to improve aerodynamic efficiency,
although the mechanical feasibility of rotor blades employ-
ing flaps was addressed on a preliminary basis.
The most promising concept reviewed within this study is a
configuration with a 35% plain flap to be deployed in an on/
off mode near the tip of a blade. The location and extent
of these segments has not been optimized as a function of
high speed and maximum thrust requirements. Preliminary re-
sults show approximately 11% reduction in power is possible
at 99 m/s (192 knots, N = 0.50) and a rotor thrust coefficient
(C /a) of 0.09, as indicated in Figure A. The reduction in
rotor power is less than 37, at a C /a of 0.06 and 99 m/s. A
sensitivity to forward speed is alwo illustrated in Figure A.
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At 77 m/s (m=0.39) there is no reduction in power. The de-
ployment schedule utilized is illustrated in Figure B and
provides the greatest power reduction of the schedules ex-
amined. Flap deflections of -1.43 degrees to -2.62 degrees
were used on a limited portion of the advancing blade. An
examination of the rotor characteristics at the 99 m/s oper-
ating condition was made to determine the reason for the
reduction in power. The azimuthal variation in the power
required by an individual blade was determined. Figure C
shows a power reduction in the first quadrant, the last half
of the second quadrant, and the third quadrant. The largest
power saving is in the region where the flaps were deflected.
Deflecting the flaps produces a significant change in nose-up
section pitching moment and an increase in section drag which
should increase power. A nose-up pitching moment causes the
blade to unwind, reduce the geometric twist, and have a more
positive sectional angle of attack. The elastic twist varia-
tion around the azimuth is presented in Figure D and indicates
that a large nose-up change in twist occurs in the region
where the flaps are deflected. There is a slight decrease
in elastic twist in the beginning of the first quadrant, and
a big decrease in the first half of the second quadrant.
The 11% reduction in rotor power required, defined in this
study, is a result of operating at a lower drag level on
the advancing side of the rotor disc. For a given Mach
number the lift level at which minimun drag occurs varies
with flap deflection angle. The flap deployment schedule
used in the 99 m/s operating condition decreased the drag
relative to the drag of the undeflected blade. Since flap
deployment twists the blade elastically and changes the lift-
drag distribution, flap deployment for power reduction cannot
be found by any direct and simple procedure. However, since
the variation of minimum drag with flap deflection angle is
large only in the vicinity of the advancing blade tip, where
the Mach number is high, that is where significant power
savings can be expected.
The potential demonstrated herein indicates a significant
potential for expanding the operating envelope of the heli-
copter. Further investigation into improving the power sav-
ing and defining the imp-ovement in the operational envelope
of the helicopter is recommended.
2
A 10,7% POWER REDUCTION WAS ACHIEVED AT
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2.0 Introduction
A "rotor limit" is encountered when a critical level in some
measurable parameter is reached and it restricts rotor opera-
tion. The limitations related to the degradation in flow
over the rotor blades can be categorized as affecting:
(a) Power requirements,
(b) Blade and control loads,
(c) Handling qualities,
(d) Acoustics.
In forward flight, the limitations attributable to aerodynamic
effects are mainly caused by flow separation at high subsonic
Mach numbers for low lift levels, and at Mach numbers between
M = 0.3 and 0.5 for high lift levels. The understanding of
these critical regimes is complicated by the presence of sub-
stantial spanwise velocity gradients, strong time dependence
(unsteady aerodynamics effects), significant three-dimensional
effects in the vicinity of the blade tips, and vortex prox-
imity effects.
Although an overall improvement in the aerodynamic charac-
teristic of a rotor will help in all four of the categories
listed above, each category is dominated by specific phenom-
ena:
(a) Power.
Power is function of drag. Improvement in drag is available
from two sources:
(1) Profile drag reduction., which implies operation
near C 	 or L/Dmax' and below drag divergence.
min
(2) Induced-drag reduction, achieved by optimizing the
blade loading distributions.
Reduction in the power required by a rotor has been achieved
conventionally by combinations of airfoil, twist and planform
distribution, although the optimization process is a complex
procedure because of conflicting requirements of the various
flow regimes necessary for practical helicopter operation.
Rotor optimization through airfoil and planform design deals
with the compromise between the advancing and retreating blade
flow regimes. As shown in Figure 2, these regimes are quite
incompatible and efforts to define viable airfoil sections
for helicopter rotor applications have led to the formulation
of specialized families of airfoil shapes with characteristics
distinctly different from those employed on fixed wings and
propellers.
7
The process, of evolution which has led to today's advanced
rotors has also dictated the constraints by which rotor sec-
tions should be optimized. This process has been described
many times, e.g. References 1 to 14. While the quantative
design objectives vary among helicopter manufacturers as a
function of rotor system, the sectional optimization for for-
ward flight improvement consistently requires:
(1) Constraining both low-speed and high-speed pitch-
ing moments within prescribed boundaries,
(2) Restrictions on the minimum acceptable quasi-
steady maximum lift levels for Mach numbers be-
tween M = 0.3 and M = 0.5.
(3) High drag divergence Mach number levels to meet the
lift/Mach i_amber requirements along the advancing
blade with minimum power and loads penalties.
The requirement for operation at high speeds has recently
been the incentive to examine a number of airfoil, planform
and twist variations aimed at performance improvement and
vibratory load alleviation. It appears now that an optimum
conventi^, gal rotor should employ some tip planform taper and
possibly sweep, in conjunction with optimum twist and air-
foils.
This does not rule out the possibility-of employing unconven-
tional systems to extend the operating limits and improve the
efficiency of helicopter rotors. Unconventional rotor systems
have been considered and even tested before. This includes
forms of variable camber, such as Kaman's servo-tab system,
and rotors employing cyclic blowing. The potential benefits
from the deployment of these devices have been assessed as
sufficiently significant to justify further research.
With the establishment of large, computers and the use of com-
prehensive computer cosies to carry out rotor analysis, it has
become feasible to consider a more system:.tic approach aimed
at the analytical assessment of the potential benefits of var-
iable camber on helicopter rotors. At the same time, the
methods of 2-D airfoil. analysis have progressed to the point
that it is possible to evaluate the characteristics of most
airfoils with sufficient accuracy to allow a realistic assess-
ment of the potential of variable camber helicopter rotors on





Blade and control loads are mainly
pitching ictoments. As illustrated
areas in the rotor disc from which
arise:
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(1) The outboard 30; of the advancing blade,
(2) Portions of the retreating blade, in the third and
fourth quadrant.
(c) Handling Qualities.
The handling qualities of a helicopter cannot be assessed
directly through rotor performance and loads analysis, how-
ever an extension of the operating envelope of a rotor should
result in an extension of the conditions for which local flow
separation is delayed and "linear" aerodynamics apply. Typi-
cal problems which may be delayed by advanced rotors are the
tendency of a rotor to pitch nose down on the advancing blade
at high speeds (Mach "tuck", due to large nose-down moments at
high Mach numbers) and a degradation in pilot perceived con-
trols above some thrust and speed combinations.
(d) Acoustics.
A reduction in rotor noise will generally follow an improve-
ment in the aerodynamic characteristics of a rotor to the
extent that separation, and more significantly shock-induced
separation, and sound due to the growth and collapse of local
supersonic regions would be reduced. However, the noise due
to blade/tip-vortex encounters is more dependent on rotor trim
and placement than on the aerodynamic properties of the rotor,
making an exception for blade designs which would result in
tip vortices w:.th reduced or diffused vorticity.
Sectional Optimization vs Variable Camber
Rotor improvement through airfoil optimization may not have
yet been carried out to ultimate limits, but except for in-
stances in which the airfoil requirements are radically novel,
the optimization of conventional rotor sections becomes more
difficult with each level of improvement. Figure 3 compares
the maximum lift and drag divergerce boundaries of groups of
helicopter rotor airfoil. On the basis of optimization of
the maximum lift coefficient at M = 0.4 against the zero lift
drag divergence Mach number (within the stated pitching moment
restrictions) it would ')e difficult to significantly exceed
the current optimum boundary with conventional airfoils.
The deployment of variable camber on rotor blades can, poten-
tially, provide the means to operate at. high lift levels in
she Mach number range from M = 0.3 to beyond 0.5, while also
providing the means to reduce, or reverse, the camber at high
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while in principle it may be desirable to delay dynamic stall
by extending the quasi -steady maximum lift range, the changes
in maximum lift cannot be separated from the pitching moment
changes due to camber variation, and an uncoupled extension
in ..aximum lift would be true only for rotor blades which
are perfectly stiff in torsion. After elastic effect 6:.,e
accounted for, there may be some advantage in taking a sym-
metrical or moderately cambered section with very high Mach
number penetration and improving by variable camber its max-
imum lift characteristics as needed to delay dynamic stall.
But in fact jk^ appears that variable ca:.+ber should be mainly
used to control the elastic twist of a rotor blade while vary-
ing the camber to operate as close as possible to minimum
drag. The optimiz, .tion process should seek to reduce both
the profile and the i-duced drag, through the suppression of
extensive separated flow, or the extension of drag divergence
of the airfoil sections by deployment of variable camber
devices.
On a preliminary basis it appears that variable camber deploy-
ment can be separated into three distinct modes of operation,
as illustrated in Figure 4:
(a) High subsonic Mach number deployment, aimed at the delav
in growth of drag and pitching moments beyond drag diver-
gence. This would probably involve small camber changer,
over the outer 20% of span.
(b) Low to intermediate subsonic Mach number deployment,
0.3 <M <0.6, taking place over any portion of the blade
inboard of 0.75R to 0.80R, aimed at the suppression of
dynamic stall through some combination of:
e changes in elastic twist ( pitching moments)
o changes in the angle of zero lift
o changes in c2
max
(c) Intermediate Mach number deployment, M = 0.6, near the
tip ^n the fore and aft portions of the rotor disc, as
means to generate propulsive force at high advance ratios,
beyond conditions for which conventional rotors display
a significant degradation in propulsive efficiency.
In any case, the need to minimize mechanical complexity dic-
tates that the extent of blade involving camber be restricted



































	 Regions of Variable Camber Deployment in
Forward Flight.
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From the poinc of view of azimuthal deployment, variable
camber offers these basic alternatives:
(a) Sinusoidal (cyclic) variation in camber together with
conventional cyclic and collective blade pitch.
(b) Cyclic variable camber entirely replacing conventional
cyclic but not blade collective pitch control.
(c) Combinations of variable-camber cyclic and collective
added to conventional blade collective pitch control.
(d) on/off deployment of variable camber at fixed amplitude
and controllable azimuthal extent; or fixed azimuthal
extent and variable amplitude, added to conventional
cyclic and collec t ive pitch co,itrol.
In hover, variable camber might be 4eployed only to alter
the twist in a direction beneficial to performance. Unless
camber is to be introduced specifically as the means to im-
prove hover performance, the spanwise and azimuthal distri-
bution of variable camber is likely to be dictated entirely
by forward flight requirements.
3.0 Review of Variable Camber Concepts
Figure 3 illustrates the advancing/retreating blade poten-
tial of a number of airfoils on the basis of the zero lift
drag divergence Mach number and of the quasi-steady maximwn
lift coefficient at M = 0.4. Rotor optimization on the basis
of airfoil characteristics involves:
A. Maximum Lift Characteristics.
The delay or suppression of retreating blade stall,
which can be related to a delay in static stall at Mach
numbers from M = 0.3 to M = 0.5. In Vertol rotors the
key Mach number for dynamic stall delay is M = 0.4, as
borne out by several model rotor tests and confirmed by
flight test.
B. Drag Divergence.
The delay in drag rise at transonic speeds over a range
of positive and negative lift coefficients. Different
objectives should be defined as a function of advance
ratio, nominal advancing tip Mach number and spanwise
location. Any c-ction be'aeen 0.70R and 0.90R of the
blade span may operate beyond drag divergence as a
result of the local lift and Mach number combination,
while sections between 0.90R and the tip may be within
the drag divergence boundary by virtue of an increase
in drag divergence Mach number associated with reduced
lift coefficient levels, favorably compounded by the
15
presence of three-dimensional tip relief effects. In
order to simplify the optimization process, the highest
priority has been assigned to the drag divergence Mach
number at the zero lift level.
Sectional Pitching Moments.
The ?ttainment of low-speed pitching moment levels
about the aerodynamic center within. approximately
-0.01 SCm 50.01. Test experience with Vertol rotors
dictated the even stricter requirement that low-speed
pitching moments be small and positive. Figure 5 illus-
trates the dependence of blade loads (root torsion) on
the level of the low-speed zero-lift pitching moment
coefficient, as measured in a Boeing Vertol Wind Tunnel
Test, Reference 6.
Additional restrictions limit the growth of pitching
moments at high Mach numbers to reduce the advancing
blade elastic torsional deflections at high speeds.
Further limitations are imposed to control the rela-
tive growth of drag divergence and pitching moment
divergence, as illustrated in Figure 6, to make sure
that rotor operation would be limited by power rather
than by the growth in blade or control loads.
Hover Performance Requirements.
While drag rise is one of the key elements limiting for-
ward flight performance, hover performance is strongly
influenced by the profile drag at Mach number's from
M = 0.4 to M = 0.6, at lift coefficient levels from
C = 0.4 to C = 0.65. For design purposes, the lift
level C = 0.9 at M = 0.6 is recommended to compare the
hover diag potential of different rotor airfoils.
The introduction of variable camber alters some of the above
sectional requiremen t s. The first restriction to be lifted
is on the limits in the combination of high-lift and drag-
divergence capability. The second is in the local pitching
moment requirements. The third is hover drag, since, in
principle, it should be possible to operate with a net local
pitch schedule which allows low drag everywhere in the rotor
disc.
In fact the emphasis on airfoil characteristics should be
reassessed when the freedom in camber level is introduced.
The requirement that a rotor section have high Mach number
penetration characteristics remains a top priority since the
advancing blade still has to operate at high subsonic Mach
numbers. However, the variable camber sections should offer
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element of the blade at conditions for which drag degradation
is minimized while still providing the necessary rotor lift
and propulsive forces.
In principle, the requirement that the quasi-steady lift of
the basic airfoil section be very high is no longer a design
objective because the rotor blade may avoid dynamic stall by
1) a reduction of the angle of attack through elastic twist
deflections, or 2) by changes in the angle of zero-lift as a
function of camber level, without being dependent on fixed
maximum lift characteristics.
The role of unsteady aerodynamics effects remain somewhat
uncertain and may have to be quantified more rigorously in
the future. In the present formulation all unsteady effects
have been modeled on the basis of data from 2-D airfoils
undergoing some form of sinusoidal motion (pitching or plung-
ing) at constant Mach number. In the variable camber rotor
there are contributions to the shed vorticity from camber
changes (e.g. flap motions) which are only in part accounted
for by the current formulation since camber variation intro-
duces effects not described by a fixed relationship between
angle of attack and lift. Since the variable camber excur-
sions and deployment rates contemplated for this study should
be generally small, this lack in correspondence between the
quasi-steady lift and angle of attack and any additional shed
wake effects attributable to flap motions will be assumed to
be negligible.
3.1 Review of Possible Configurations
An initial review of two-dimensional variable camber concepts
covered leading edge, trailing edge as well as overall camber
changes. Table I and Figure 7 summarize the key configura-
tions reviewed. Airfoil contours and representative pressure
distributions f-om Y-39, at M = 0.4 and « = 4.0 0 are shown
in Figures 8 through 15. The L.E. devices were disappointing
'cause they did not provide any significant change in maxi-
lift characteristics at the critical M = 0.4 level, they
cased small changes in pitching moment, offered little to
no relief in drag divergence and would probably be very hard
to design and implement. This last difficulty arises from
the need to maintain the structural integrity of the blade
spar. In the event of significant performance and loads
benefits, it would be worthwhile to challenge these design
difficulties, but at present there is no indication that
such an effort would be worth it.
Subtle changes in overall camber also proved to be hard to
justify. For instance, local variations in lower surface
contour, as suggested for use on glider wings, yielded sec-
tional performance changes which were not significant within
rotor requirements. Some of these concepts, deployed in a
19
Table I Summary of Variable Camber Configurations
DESIGNATION	 DESCRIPTION
Mod. 1	 Overall camber change
obtained by increasing
the upper surface thick-
ness between 0.15c and
0.70c, with a maximum
Ay/c = 0 . 0084 at x/c '-
0.35.
Mod. 2	 T . E. thickness increased
by filling out the upper
surface reflex area be-
tween 0 . 70c and the T.E.
Intended to verify the
effect of reducing T.E.
mean line reflex.
Mod. 3	 Abrupt lower surface change
between the L.E. and 0.20c
to simulate the effect of
pulling in some portion of
the contour.
Mod. 4	 Lower surface change dis-
tributed between 0.025c
and 0.45c, to simulate
the effect of pulling in
a substantial portion of
the contour and increase
the overall camber level.
Mod. 5	 Altered T.E. Contour to
change (reverse) the direc-
tion of T.E. loading.
Caused the A-1 to become





lift at M=0.4, and
it caused a small
degradation in 'M^,
at low lift leveS^.
Negligible effect
On5 ° 1w`ifftnin ?218
angle for zero lift.
Low speed pitching
moment coefficient
changed from C =
+.004 (baselinWI to
Cmo = -.0112.
No change in maximum
lift capability at
M = 0.4, and adverse









C-	 at M = 0.4.048 effects were
negligible.
7% increase in Clmax
at M = 0.4, with
significant changes
in C	 and a . Review
of PIT& 5 pegformance
led to plain T.E.
flaps (Mods 6 and 7).
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DESCRIPTION
Plain sealed 35% T.E. flap,
with flap hinge in area
where the basic contour
already displays a pro-
nounced change in curva-




flap angles from -50
to +15 0 . Usefulness
of flap angles
beyond 5° is ques-
tionable.
Detailed data eval-
uated for -5° and
+5° flap angles.
.. E S I GNAT I ON
Mod. 6
able I Summary of Variable Camber Configurations (continued)






















1.30 .818 .004 -.45 .55
1.32 .785 .0012 -.6 .57
1.31 .82 -.0112 -.9 .61
1.31 - .0083 -.55 .55
1.33 .825 .0062 -.5 .56
1.40 .783 -.0392 -2.1 .75
1.50 .65 -.0583 -4.2 •96
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Figure 3	 Baseline A-1 Airfoil. Pressure Distribution
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	 A-1 Airfoil, Mod.. 1. Overall. Camber Change by
Upper Surface Modification. Pressure
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Figure 10	 A-1 Air`oil, Mod. 2. Trailing Edge Camber
Change by Upper Surface Displacement.
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Figure 1 1	 A-1 Airfoii, Mod. 3. Leading i.dge Camber
Change by Localized Lower Surface Deflection.
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Figure 12	 A-1 Airfoil, Mod. 4. Leading Edge Camber
Variation by Lower Surface Change Distributed
over about 1/3 Chord. Pressure Distribution
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Figure 13
	 A-1 kirfoil, Mod. 5. Camber Variation by
Increasing Mean-Line Curvature at the Trailing
Edge (Rear Loading). Pressure Distribution
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Fiqure 14	 A-1 Airfoil, Mod. 6. 35% Plain Trailing Edge
Flap Deflected 5.0°. Pressure Distribution
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two-nosiuion on/off mode, might turn out to be practical on
fixed wing aircraft other than gliders, but cannot be justi.
fied for rotor applications at this time.
The most promising concept turned out to be plain, sealed
T.E. flaps with relatively small flap angle excursions. Upon
2-D simulation by means of viscous transonic flow methods
and subcri.tical potential flow/boundary layer interaction.
methods, 35% and 50% plain flaps deployed on the A-1 airfoil
proved to be useful in controlling the sectional maximum lift
to Mach numbers up to M = 0.6. The most useful range was
within flap angles 5° above and below the neutral position.
Useful lift was possible to Mach numbers beyond M = 0.8, ;.s
will be discussed later.
For flap deflections beyond 5° the advantage in flPp deplay-
ment is restricted to lower Mach numbers, although some use-
ful lift range up to M = 0.6 remains even at the largest clap
angles considered (15°). In view of the large pitchi.rr;
moments associated with flap deflection it is not likely that,
for the flap configurations considered at this time. flap
angles much beyond 5° will be practical.
4.0 Variable Camber Modification of Rotor Performance and
Loads Analysis Co es
An existing rotor performance analysis, B-65, and an exist-
ing loads analysis, C-60, were modified to allow the intro-
duction of variable camber airfoil tables. The basic formu-
lation of B-65 is outlined in Reference 15. The C-60 code
is described in Reference 16. As the definition of deployment
schedules which would result in a power saving was much harder
to accomplish than anticipated. the study was focused on aero-
dynamic efficiency because loads alleviation alone would not
have justified the introduction of a rotor system of this
complexity.
4.1 Rotor Performance Analysis, B-65
The variable camber modification of this code has been identi-
fied as B-53. The basis for thc- B-65 and B-53 codes is a
model of the wake trailed by each blade, represented by groups
of straight vortex segments with linearly varying vorticity
from one end to the other of each segment. As illustrated
in Figure 16, a root and a tip vortex are rolled up after a
fixed azimuthal interval (1/8th of a revolution) at a radial
location which is determined from the instantaneous spanwise
blade loading (Betz criteria). The vortex sheet trailed by
each blade is modeled by a system of vortices identified as
the near-wake, attached to the blade quarter chord line and
trailed 1/24th of a revolution (AY = 15°) and a mid-wake,
which extends for two additional time intervals (AY = 30°)
beyond the near-wake.
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	 Wake Model in the B-65/B - 53 Rotor Performance
Analysis.
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As the B-65/B-53 codes subdivide a rotor blade into 13 span-
wise segments of equal length, from root cutout to tip, the
vortex sheet trailed by each blade is represented by 13
horseshoe vortices. Except for the initial "Betz" rollup
criteria which set the spanwise location of the tip vortices,
the wake model is otherwise rigid, and its displacement is a
combination of flight kinematics with a uniform induced down-
wash velocity.
Blade elastic properties are represented by a modal approach.
The aerodynamic formulation, based on a lifting line system,
includes an approximation of unsteady aerodynamic effects,
dynamic stall delay, radial flow, reverse flow and three-
dimensional tip relief effects.
The sectional characteristics are obtained by look-up and
interpolation of tables of two-dimensional airfoil data com-
piled from experimental or analytical sources. The tabulated
airfoil characteristics are listed in the following sequence:
(a) Lift Coefficient C . Presented as a function of angle
of attack at fixed Mach number levels, for angles from
0 0 to 20 0 , and from -20 1
 (340°) back to 0° (360 0 ), for
Mach numbers from M = 0.0 to M = 1.0, as illustrated in
Figure 17. Lift data from 20 0 to 340 0 is simulated by
equations based on test data for the NACA 0012 airfoil,
Reference 14. These equations are independent of Mach
number as they are meant to approximate the high-angle-
of-attack flow conditions inside the reverse flow circle.
(b) !"rag Coefficient C	 Drag is presented as a function
	
of Mach number, for 	 = 0.0 to M = 1.0, at constant angle
of attack levels over an angle of attack range which can
be specified in the input. An example of drag charac-
teristics is shown in Figure 18. Outside of the speci-
fied angle of attack range the drag is approximated by
equations independent of Mach number and based on NACA
0012 test data.
(c) Pitching Moment Coefficient, C Pitching moments
".25
are tabulated as a function of Mach number, from M = 0.0
to M = 1.0, for angles of attack from 0° to 16°, and
from -16° (344°) to 0° (360°). Figure 19 shows an exam-
ple for the basic A-1 airfoil. Equations based on NACA
0012 data cover the rest of the high angle of attack
range.
The lift, drag and pitching moment data at high angles of
attack used in all current Boeing Vertol codes are summarized
in Figure 20.
In B-53, the variable camber version of B-65, the airfoil
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the basis a camber level. This camber level can be expressed
in any convenient way: as a percentage of camber, or as a
flap deflection angle. Where B-65 has provisions for up to
five sets of airfoil tables specified along the span of a
rotor blade, with the added dimension of camber level, B-53
can be input with up to 25 sets of tables, encompassing 5
camber levels for each of the 5 radial data stations. The
sectional characteristics at each of the 13 computation sta-
tions are interpolated from the data stations.
On the assumption that the variable camber devices could be
mass balanced about their hinge (as for instance a flap hinge),
and that the entire blade section could be locally mass-bal-
anced about the quarter chord, each segment equipped with a
variable camber device would then be entirely accounted for
by a local increase in mass, from which mode shapes and fre-
quencies can be calculated.
To simplify the modeling of the variable camber distributions,
provisions have been made to prescribe independent variable
camber levels for each of the (up to) 13 blade panels. At
each computation panel, the camber can be prescribed either
as a Fourier series consisting of a steady value and up to
two harmonics, or as a complete set of values prescribed for
each azimuth position. The latter method allows the input
of any deployment schedule, including constant level on/off
schedules.
By assigning each variable camber segment to one computation
panel (1/13th of the span, as measured from the root cutout
to the tip) it was possible to provide enough resolution to
evaluate complex variable camber schemes without unnecessary
complexity in spanwise interpolation.
Another benefit of this approach is that while the current
wake model cannot account for any of the secondary rollup of
the vortex sheet due to highly localized lift variations,
each computation panel will carry its own horseshoe vortex
for AY = 45° (i.e. 1/8 of a revolution). It remains to be
shown, for variable camber deployed near the tip, that the
vorticity due to secondary rollup would not be already rolled
up into one main tip vortex by the next blade passage.
The unsteady and radial flow corrections of B-53 are a simpli-
fication of the model described by R. Gormont in Reference
17. Transonic 3-D relief corrections for the drag coeffic-
ient have been introduced following the procedure outlined
by LeNard in References 18 and 19. Lift curve slope correc-
tions to account for tip relief have been worked out by I.
Levacic. Tip relief on pitching moments is carried out by
relieving the 2-D data at Mach numbers beyond M = 0.7 by
AR = 1.0 trends.
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4.2 Description of the C-60/C-84 Rotor Load Codes
This analysi^ has been developed at Boeing Vertol by the
Rotor Dynamics Group. A detailed description of C-60 can be
found in Reference 16.
C-60, and hence C-84, consist of a lumped -mass representa-
tion of a rotor blade including up to 50 masses. The air-
loads are evaluated on a relatively coarse radial and azi-
muthal grid from whi:-h dense airload distributions can be
generated by interpolation and harmonic analysis.
Although C-60 has provisions for a trailed vortex sheet,
satisfactory airloads have been calculated by means of in-
duced velocities from the root and tip vortices only.
Without the limitations of the -odal approach of R-65/B-53,
the C -60/C-84 analysis can evaluate the motions and deflec-
tions of a rotor blade in whatever complexity the dynamics
and aerodynamics of the problem dictate. Blade and control
loads can be then defined and analyzed in detail with the
harmonic content.
Although the current C-84 code does not model a variable cam-
ber rotor in all its possible structural complexity, it will
simulate the key element of the problem and utilize the cor-
rect aerodynamic inputs through a multiple table lookup and
interpolation procedure analogous to the procedure introduced
into B-53. As C-60 has provisions for three sets of basic
airfoil tables, with the added dimension of five ( 5) camber
levels C-84 will accept up to fifteen (15) sets of airfoiL
tables.
5.0 Definition of the sectional Characteristics of Variable
C	 er Airfoils
Having decided that plain T.E. '_'laps were the best choi:.e of
variable camber alternative for the current study, as des-
cribed in Section 3.1, the two-dimensional characteristics
of the A-1 airfoil with T.E. flaps were evaluated by means
of the following airfoil analysis methods:
1) The potential flow boundary/layer interaction code
by Stevens, Goradia and Braden, Reference 20,
available at Boeing Vertol as code Y-39.
2) A modification of the above code by G. Brune, Ref-
erence 21.
3; The viscous transonic analysis by Bauer, Garabedian,
Korn, and Jameson, Reference 22 available at Boeing
Vertol as Code A-37.
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4)	 The 2-D separated flow analysis by M. Henderson,
TEA 456, Reference 23. A similar code by Analytical
Methods, Inc. (AMI), Reference 24, is available on
Government computing facilities.
5.1 Baseline Airfoil (0° Flap Deflection Angle)
The NASA Ames A-1 airfoil, designed and tested by McCroskey
and Hicks, Reference 25, was selected as the best candidate
for variable camber studies because:
(a) It is one of the latest advanced airfoils designed
for helicopter rotors and it is very close to be
as optimized as it is possible within current de-
sign constraints.
(b) It has been designed by means of up-to-date tran6-
onic airfoil analysis methods.
(c) It is well suited for use along the entire span of
a rotor blase, i.e. its camber and thickness make
it a good compromise both as a tip section and a
midspan "working" section.
The coordinates of the A-1 airfoil are shown in Table II.
The A-1 contour is shown in Figure 21. Key maximum lift and
drag divergence characteristics of the A-1 are compared to
other helicopter rotor airfoils in Figure 3.
The lift, drag and pitching moment coefficients of the A-1
have been evaluated by means of the airfoil analysis codes
used tc, eva.Luate the sectional performance in presence of
variable camber modifications. The performance measured in
the wind tunnel test of Reference 25 was compareu with the
performance estimated by means of the airfoil codes. Test
and theory were in good agreement at all but a few condition.,,
but, in order to provide a smooth transition in sectional
performance when deploying variable camber, the calculated
performance of the basic A-1 contour was not adjusted to the
test levels. Empirical adjustments between test and theory
would be generally small, and they would not contilbute to
the validity of the assessment of the usefulness of variable
camber.
In terms of test/theory correlation the biggest discrepancy
is in the level of C1max was at M = 0.3, where the measure-
ments yielded a value of C1max = 1.33 and the analysis
1maA = 1.69. At M = 0.4, however, the agreement is good,C
lmax = 1.325 for test vs. 1max = 1.30 foi theory, and this



















































































































at M = 0.4 appears to dominate the retreating blade stall
characteristics. At M = 0.5 subcritical airfoil theory
(C1max = 1.08) underpredicts the test level (C1max	 1.26),
although the use of transonic analysis (A-37) improves the
prediction (C1max = 1.2). At Mach numbers above M = 0.6 the
"useful" range rather than maximum lift should be emphasized,
and the lift limits were set mostly on the basis of local
Mach number considerations, whether the solution was obtained
from a subcritical or a transonic analysis. The calculated
"useful" lift range does not match exactly the maximum lift
levels measured in the report of Reference 25.
Another difference between test and theory is in the location
of the aerodynamic center. In the test report it was men-
tioned that the airfoil design predicted a zero lift pitching
moment Cm within t.01, while the test measurements showed
CM  generglly exceeding -.01.
Figure 22 compares measured and predicted pitching moments,
about the quarter chord for M = 0.3. The results from the
Y-39 analysis show that the aerodynamic center is forward,
as evidenced by a positive dC /do. The results from the
A-37 analysis, however, show W negative dC /do with a charac-
teristic similar to the test data but shiffcd towards zero Cm.
It should be pointed out that the A-37 transonic analysis does
not account for the development of a laminar boundary layer,
and that turbulent boundary calculations are started at a pre-
scribed location near the leading edge (in this case at 0.05c).
The Y-39 analysis was run allowing natural transition between
the leading edge and 0.20c on the upper surface and 0.30c on
the lower. Since the location of the aerodynamic center some-
times is a function of the extent of laminar flow (or paenomenan
observed on other airfoils similar to the A-1), it was decided
to assume that, for the purposes of the current variable camber
study, the aerodynamic center remain at the quarter chord over
the entire range of attached flow conditions.
The profile drag levels assumed for the basic A-1 are in gen-
eral agreement with the measured levels except where the drag
would be influenced by laminar flow extending either beyond
0.20c on the upper surface or 0.30c on the lower. Drag
"buckets", where present, were faired out.
One last difference between test and theory is in the varia-
tions of dC /do and dC /da at high angle of attack levels,
when approaching C	 m While the test data show some changes
in lift and pitchiWAo* ment slope while approaching stall,
the A-1 airfoil tables are defined linear in i:ft and moment
from the angle of attack for negative stall to the angle of
attack for positive stall, as illustrated in Figure 17. This
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Figure 22	 Comparison of I4easured and Calculated Pitching
Moments for the A-1 Airfoil.
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was done to facilitate the definition of sectional charac-
teristics for the flapped configurations and to eliminate a
possible source of discontinuities in the rotor performance
and loads calculations.
5.2 Procedures to Evaluate the Characteristics of the A-1
Airfoil with 0.35C and 0.50C T.E. Flaps
The characteristics of the baseline A-1 section and the A-1
airfoil with plain, sealed, T.E. flaps were calculated mainly
by means of the Y-39 and A-37 codes (Reference 20 and 22).
The separated flow analysis of Reference 23 was used exten-
sively at the start of the study, but after the ground rules
to formulate the airfoil tables were finalized it became less
necessary to evaluate details of the flow separation process.
The TEA 456 analysis was then used only to verify specific
conditions. Similarly, the TEA 315 code, Reference 21, was
used only at selected conditions.
The basis for the prediction of the characteristics of the
flapped airfoils is as described in Reference 9. As dis-
cussed there in some detail, the key to the prediction of
maximum lift at the Mach numbers of interest for helicopter
rotor studies is that, above M = 0.3, the phenomena which
precipitate stall take place sufficiently abruptly to allow
an estimate of the maximum lift from observation of the con-
ditions leading to stall, without the need for a separated
flow model. This balance between viscous and compressible
flow effects is particularly true at M = 0.4. At M = 0.3
viscous effects may be more dominant than at M = 0.4, with
some inaccuracy in C1max resulting from predictions which do
not model the separated flow region. At M = 0.5 the maximum
lift prediction should be carried out by means of both sub-
critical potential flow/tDundary layer analysis and viscous
transonic flow analysis to verify whether or not there are
beneficial transonic flow effects present near the leading
edge of the airfoil. The A-1 section does benefit of some
of these favourable effects, as demonstrated by a comparison
of the A-37 and Y-39 estimates of C1max (1.20 vs. 1.08),
although neither code matches (nor should it be expected to
match exactly) the test level (C1max = 1.26).
As illustrated in Figures' 23 and 24 the range of "useful"
lift, whether comparable to a measured maximum lift, cr
based on the growth of the drag coefficient to some appro-
priate value, can be assessed by observing when analysis will
first detect:
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Figure 24	 Test/Theory Correlation of Lift and Moment
Data for the VR-7 Airfoil.
I
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(b) The movement of turbulent boundary layer separation
point from the trailing edge, x/c = 1.0, to x/c =
0.85 (x/c = 0.90 with same codes, as determined by
calibration with test data).
When M = 1.4 is first reached at or near the leading edge
of a s^ction, the stall is likely to have a "leading edge"
stall character (abrupt, with large static stall hysteresis).
Conversely if the maximum lift is limited by T.E. separation
the stall can be classified as gradual (T.E. stall or thick
airfoil stall).
When studying airfoils with flaps (particularly of the plain
type) the local Mach number allowed over the knee of the
flap should be restricted to M - 1.0 or some level below
M = 1.1. The .limit of M = 1.4 is truly applicable only to
16inar boundary layers, is observed in the test of Reference
26, and it should not be assumed that, in presence of sub-
stantial supersonic flow, the flow would remain attached over
the aft 'calf of airfoils, particularly with the destabilizing
influence of a flap. This additional restriction was not
exercised over the range of conditions examined in this study
because C1
	




The Mach number for drag divergence, M D , is defined by deter-
mining the free stream Mach number for ^hich dC d/dM = 0.1
when Mach number is increased at constant angle of attack (a
traditional wind tunnel measurement procedure). M^D can be
evaluated analytically with methods which have bee shown to
be quite reliable for standarl high speed airfoil sections.
These methods are:
(a) Crest line theory, described in detail in Reference
27,
(b) The viscous transonic analysis of Reference 22.
Of the two methods, crest line theory is the more cost effec-
tive and efficient technique, as long as detailed information
on the transonic characteristics of an airfoil are not needed.
Crest line theory is based on the observation that the onset
of drag rise can be determined from an incompressible and
inviscid airfoil solution by calculating the free stream Mach
number for which the flow at the "crest" of an airfoil would
first become sonic (on the basis of a compressibility correc-
tion such as the Karman-Tsien rule). The "crest" of an air-
foil is a point on the surface tangent to a line parallel to
the remote wind. What crest line theory implies is that when
the local supersonic flow extends beyond the crest of an air-
foil the pressure drag becomes significant. Reference 27
describes in detail test/theory correlation efforts which




recom.nended crest Mach number limit is M = 1.02. A further
assessment of drag rise effects can be obtained from observa-
tion of the incompressible pressure distributions plotted
against a skewed coordinate, y'/c as illustrated in Figure
25. While the significance of the shape of the so-called
suction loops is not important in the present study, it is
relevant to note that the maximum value of y'/c corresponds
to the crest of the airfoil. In the event that two crests
must be considered (upper and lower surface) the crest cor-
responding to the lower free stream Mach number will set the
drag divergence limit.
Once the drag divergence Mach number has been assessed for a
given angle of attack, the corresponding incompressible lift
coefficient can be corrected to account for compressibility
up to such Mach number value. By repeating this process over
a range of angles of attack it is possible to estimate the
drag divengence boundary at positive as well as negative lift
levels, as illustrated in Figure 26. On cambered airfoils
the degradation in drag divergence Mach number with lift is
more pronounced over the range of negative lifts, although
the largest delay in drag divergence generally takes place
at a small negative lift level. Test/theory correlation has
shown that the analytical drag divergence boundary should be
increased by AND = 0.02 for better agreement with wind tun-
nel measurement . This increment was used in evaluating the
variable camber airfoils of the present study.
It remains to be demonstrated experimentally to what extent
crest line theory is applicable to sections employing a sub-
stantial amount of camber or T.E. flaps. However, in the
evaluation of the current variable camber configurations the
results of crest line theory were utilized only within the
"useful" lift range defined by the local Mach number and
separation criteria outlined earlier.
As already mentioned in discussing the data for the A-1 air-
foil, the Y-39 potential flow/boundary layer interaction pre-
dictions were carried out by restricting the transition from
laminar to turbulent boundary layer to take place within
0.20c on the upper surface, and within 0.30c on the lower
surface. In the A-37 viscous transonic analysis the transi-
tion was fixed to 0.05c on both surfaces.
In presence of a limited extent of turbulent boundary layer
separation, the drag coefficient calculated in the Y-39
analysis was corrected by an increment based on the drag of
truncated airfoils, suggested by Hoerner, Ref. 28. Beyond
drag divergence, a fixed rate of change of the drag coeffi-
cient with Mach number, dCd/dM = 0.053 was obtained from a
survey of the airfoil data of Reference 14. This rate of
change was applied to the drag curves beyond drag divergence
to extend the definition of drag to M = 1.0.
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5.3 Sectional Characteristics of the A-1 Airfoil With a
0.35c T.E. Flap
Figure 27 zhows the contours of the Al airfoil with a 35%
plain T.E. fla p
 deflected from -5 0 (above the reference chord
line) to 15° (below the chordline). The flap excursions were
selected to provide a range of variable camber levels which
would cover all the applications foreseen at this time. This
includes provisions to decamber the airfoil over the advancing
blade, and a range of positive camber changes in excess of
the level fer which an increase in C1max can be expected at
M = 0.3 for possible retreating blade stall alleviation. No
special precautions were taken to optimize the contour at
the knee of the flap, although if it were assumed that by
some flexible skin arrangement the curvature of the flap knee
contour could be reduced, some performance improvement would
probably result from a delay in turbulent boundary layer
separation at the T.E. The contour coordinates are listed
in Appendix A.
The estimated maximum lift coefficients for the A-1 airfoil
with a 35% chord flap, for each of the flap settings, are
summarized in Table III for positive angles of attack and
Table IV for negative angles of attack. These boundaries
are also summarized and compared in Figure 68. A flap de-
flection of t5° results in an increment in 1 	 but does
not change the trend with Mach Numbers. DeflW8fions of 10°
and 15° severely degrade the maximum positive lift capability
to values lower than for 0° deflection.
The lift curve slope and the angles of zero lift as a func-
tion of Mach number are listed in Tables V and VI, and shown
in Figures 29 and 30. The "flap effectiveness" of this con-
figuration, defined as the rate of change of the angle of
zero lift with flap deflection angle, is between 0.67 and
0.68. By comparison, the values quoted by Abbott and Von
Doenhoff, Reference 29, for a 35% plain flap are 0.65 for
the fairing through test data. and 0.71 from thin airfoil
theory. Flap deflection has no impact on lift curve slope
up to a Mach Number of .65 and reduces the slope with posi-
tive deflections beyond M = 0.65.
Figures 31 through 35 show the maximum positive and negative
lift range with the angle of attack distribution for each
flap deflection. Superimposed on these figures are the cor-
responding drag divergence boundaries for each flap deflec-
tion angle:	 -5.0 0 , 0.0 0 , 5.0 0 , 10.0°, and 15.00.
The information from Figures 31 through 35 combined with the
drag data from the Y-39, A-37 and TEA 456 was used to generate
the trends of drag coefficient as a function of Mach number
at constant angle of attack, as necessary to prepare the air-













Figure 27	 A-1 Airfoil with a 0.35c Plain T.E. Flap.
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TABLE III
Estimated Positive Maximum Lift Characteristics of
the A-1 Airfoil with a 0.35C Plain T.E. Flap
MAXIMUM LIFT COEFFICIENT, COX AT MACH NUMBER
6 F 0.3 0.4 0.5 0.6	 0.65 0.7 0.8	 0.85
-5 0 1.54 1.13 0.99 0.66 0.35 0.21	 .14
00 1.69 1.30 1.2 0.86 0.59 0.51	 .075
5 0 1.82 1.5 1.41 1.06 0.81 0.54
10 0 1.96 1.31 1.08 0.93	 0.6 0.36
1 15 0 1.4 1.02 .975 .5
TABLE IV
Estimated Negative Maximum Lift Characteristics of
the A-1 Airfoil with a 0.35C Plain T.E. Flap
(MAXIMUM NEGATIVE LIFT COEFFICIENT, CLMIN AT MACH NUMBER
6 F 0.3 0.4 0.5 0.6 0.7 0.8 0.85
-5 0 -1.34 -.99 -.74 -.52 -.48 -.4 0.01
00 -1.12 -.8 -.55 -.34 -.2 -.14 -.2
5 0 -1.0 --.E -.35 -.10 .07 .15
10 0 -.62 -.42 -.16 .08 .3
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Fig * ,e 28	 Estimated Maximum Lift Boundaries for the A-1









„ Estimated Lift Curve Slope Variation. with Mach
Number fo§- the A-1 Airfoil with a 0 35C Plain T.E. Flap
Litt Curve Slope, dci/dot (ueg -) at Macn numoe*,,
0.0	 0.3	 0.4	 0.5	 0.6	 0.7	 0.75	 0.8	 0.85	 0.9	 1.0
.1127 .1181 .1242 .1328 .1462 .1675
.1123 .1177 .124	 .133	 .1465 .166
.1120 .1174 .1239 .133 	 .1468 .1663
.1122 .1176 .1246 .1133	 .1466 .166
TABLE VI
Estimated Effect of Compressibility on the Angle for
Zero Lift of the A-1 AiJoil with a 0.35C Plain T.E. Flap
Angle for Zero Lift, 
or  
(Deg) at Mach Number
0.	 .3	 .4	 .5	 .6	 .65	 .7	 .8	 .85	 .9	 1.0
2.97	 2.97	 2.96	 2.95	 2.94	 2.92	 2.92	 2.9	 3.02	 2.69	 2.03
-.45
	 -.45	 -.44	 -.46	 -.46	 -.47	 -.52	 -.47	 -.41	 .3
-3.87 -3.87 -3.87 -3.8C -3.84	 -3.9	 -3.7	 --3.78 -3.32 -2.42
-7.26 -7.26 -7.25 -7.22 -7.17 -7.10 -7.04 -7.06 -7.42 -7.81 -8.58







.203 .2198 .1616 .10
.2 .214 .164 .10
.1871 .1903 .166 .10
.18 .172 ,148 .10
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Figure 31	 Maximum Positive and Negative Lift Boundaries
for the A-1 Airfoil with a 0.35c Plain T.E.
















































Figure 32	 Maximum Positive and Negative Lift Boundaries
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Figure 33	 Maximum Positive and Negative Lift Boundaries
for the A-1 Airfoil with a 0.35c Plain T.E.
Flap.
	 6 Flap - 5.00.
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Figure 34	 Maximum Positive and Negative Lift Boundaries
for the A-1 Airfoil with a 0.35c Plain T.E.
Flap.



























r	 Figure 35	 Maximum Positive and Negative Lift Boundaries
for :he A-1 Airfoil with a 0.35c Plain T.E.
Flap.





















Q DRAG VALUES FROM ANALYSIS, CORRECTED
FOR SEPARATION IF NECESSARY. (M = 0.3 TO 0.6 OR 0.7)
Q2 DRAG EXTRAPOLATED TO M = 0. FROM LOW
MACH NUMBER TRENDS.
Q3 AROUND DRAG DIVERGENCE dCd/dM = 0.1
® BEYOND THE USEFUL LIFT BOUNDARY IT IS
ASSUMED THAT dCd/dM = 0.53
MACH NUMBER, M

































Figure 37	 Effect of Compressibility on the Pitching
Moment about the Aerodynamic Center as Estimated




Figure 37 summarizes the calculated effect of compressibility
on the pitching moment about the aerodynamic center of the
A-1 airfoil with the 0.35c plain T.E. flap. The trends were
obtained by means of the viscous transonic analysis A-37. A
comparison with thin airfoil theory, Reference 29, shows that
dC 2 /d6	 = -.0112/deg, by Glauert, and between -0.011/deg
anR'-8.015^ aig from the results of viscous subsonic and tran-
sonic analysis A-37 at low speeds ( M = .3). The effect of
flap deflection becomes less linear with flap angle at at
higher subsonic Mach numbers, but some of these non-lineari-
ties could be due to small discrepancies in the contours
describing the flap deflections.
Complete plots and tabulated values for the sectional char-
acteristics of the Al airfoil with the 0.35c plain T.E. flap
are presented in Appendix B. The airfoil tables have been
defined in the format necessary to carry out performance and
loads calculatons with the B-53 and C-84 codes. The listings
in the Appendix have been into-rpreted to facilitate the veri-
fication .f the actual values.
Figures 38 through 43 compare the lift/drag polars of the
A-1 section with the T . E. flap set at angles between -5.00
and 15 . 0 0 for Mach Numbers of J.3 to 0.8. These polars were
obtained from the lift and drag coefficients as formulated
in the airfoil Table of Appendix B. They illustrate the
effect of changes in camber on sectional characteristics.
The most striking trend shown by the polars is the differ-
ence in growth of the drag between the positive and negative
lift ranges.
At negative lift levels the lift is generally limited by
leading edge stall, characterized by relatively small
changes in drag, while approaching maximum lift from the
angles of attack for attached flow followed by an abrupt
loss of lift and large growth in drag. This abrupt behav-
iour is due to very high velocities and large gradients on
the lower surface near the leading edge. At high speeds
and low lift levels these gradients may cause small amounts
of separation with increasing Mach number, a phenomenon often
referred to as "drag creep", typical of all cambered sections
at some conditions. At a specific Mach number/lift combina-
tion drag creep can be reduced or eliminated by recontouring
the surface affected to provide a better distributed rate of
change in curvature along the surface. Since a rotor blade
is likely to encounter negative lift levels only at high sub-
sonic Mach numbers care was exercised in defining the lower
branch of the drag polars at Mach numbers above M = 0.6, at
the cost of some approximation at Mach numbers below M = 0.6.
This was done to remain within the size of the existing angle






Lift/Drag Polars of the A-1 Airfoil with a
0.35c T.E. Flap as Approximated by the Airfoil
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Figure 39	 Lift/Drag Polars of the A-1 Airfoil with a
0.35c T.E. Flap as Approximated by the Airfoil






Lift/Drag Polars of the A-1 Airfoil with a
0.35c T.E. Flap as Approximated by the Airfoil
Tables. M = 0.5.
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Figure 41	 Lift/Drag Polars of the A-1 Airfoil with a
0.35c T.E. Flap as Approximated by the





Figure 42	 Lift/D':ag Polars of the A-1 Airfoil with a
0.35c T.E. F -Lap as Approximated by the Airfoil




Figure 43	 Lift/Drag Polars of the A-1 Airfoil with a
0.35c T.E. Flap as Approximated by the Airfoil
Tables. M = 0.8.
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At positive lift levels the maximum lift capabilitiy of an
airfoil can be limited by either leading edge velocities or
by trailing edge separation, rut, as flaps are deployed, small
regions of separation at the trailing edge are virtually un-
avoidable even at lift levels well below maximum lift. While
a small amount of separation will not compromise the maximum
lift capability, the associated increase in drag appears to
reduce the advantages of flap deployment near positive
(L/D) m
 at Mach numbers below M = 0.6. This implies that,
while Me flaps offer a definite stall delay potential, there
seems to be little advantage in changing camber to minimize
profil drag below M = 0.6.
The growth of the profile drag with lift near (L/D)	 shown
in Figures 38 through 43, was estimated by airfoil WAKlysis
with the base drag corrections described in Section 5.2. In
absence of directly applicable test evidence there is no rea-
son to assume more optimistic lift/drag polars at this time,
but this is one of the issues for which two-dimensional test
verification is necessary before the bel:p fits of variable
camber can be assessed more rigorouEly.
5.4 Sectional Characteristics of the A-1 Airfoil with a
0.50c T.E. Flap
Figui 44 illustrates the contours of the A-1 airfoil with a
50% 1 Z. flap. Although contours were defined for flap
angles ranging from -5 0 to +15 0 ; detailed calculations have
been carried out only to S f	= " Contour coordinates
are listed in Appendix A. +RR estimated maximum positive
and negative ranges of useful lift as a function of Mach num-
ber for flap angles from -5 0 to +10 0 are compared in Figure
45. The lift curve slopes and angles of zero lift are shown
in Figures 46 and 47.
Figures 48, 49 and 50, respectively summarize the lift charac-
teristics for -5°, 5 0 and 10 0 flap deflection. angles. The
0 0 flap condition is the same as for the 0.35c flap, shown
in Figures 32. Figures 48, 49 and 50 show the maximum posi-
tive and negative lift ranges, the drag divergence boundaries
and angle of attack levels for the 0.50 flap configuration.
Figure 51 summarizes the effect of flap deflection on the
pitching moment about the aerodynamic center. As a result of
difficulties iz demonstrating that the 35% plain flap could
be used to improve the performance of a "variable camber"
rotor, the airfoil tables for the 50% plain flap were not
completed, although all the information necessary to do so
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Figure 45	 Estimated Maximum Lift Boundaries of the A-1
Airf:-il with a 0.50c Plain T.E. Flap.
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Fit; l ire 47	 %ngle of 7ero Lift of the A--1 Airfoil with a






















Figure 48	 Maximum Positive and Negative Lift Boundaries
for the A-1 Airfoil with a 0.50c Plain T.E.





































Figure 49	 Maximum Positive and Negative Lift Boundaries
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	Figure 50	 Maximum Positive and Negative Lift Boundaries
for the A-1 Airfoil with a 0.50c Plain T.E.








6.0 Performance Characteristics of Variable Camber Rotors -
Potential Benefits
The B-53 rotor performance analysis computer program with vari-
able camber (deployable flap) capability was used to define the
potential available from the variable camber rotor. This pro-
gram predicts performance and limited blade deflections for each
flight condition examined.
The analysis of the performance characteristics and potential
benefits will address the change in rotor power with flap de-
flection. An examination of the cause for any change in per-
formance was made by determining the azimuthal and radial var-
iation in power as well as the blade elastic wind-up.
The blade elastic wind-up effects will be confined entirely to
the variation of maximum blade tip elastic twist variation with
flap deflection. It is implied that a reduction in blade elas-
tic wind-up would result in decreased root torsion and pitch link
loads.
The variable camber configuration used ir_ all of th,? B-53 runs
is Mod. 6, the 35% chord flap, from Table I. The sin gle air-
foil section was used from cutout to tip.
The blade planform and structural properties used in all of
the B-53 runs corresponded to an H-34 rotor blade. This
blade was chosen because it is representative of a blade
with a large amount of wind tunnel ind flight test data for
performance, loads and blade pressures. Many of the inputs
for program B-53 were taken or derived from Reference 29.
The flight conditions used in predicting performance and
elastic effects are shown in Table X.	 The conditions,
such as tip speed and air density, which are not shown in
Table X are kept constant throughout the entire study.
The program B-53 modeled flap deflection variations in two
ways. One way was a short Fourier series which modeled flap
deflection variation as a steady value plus two harmonics in
the azimuth angle at each of 13 radial locations.
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 (r,	 60 (r) + 2 (b nc (r) cos ntp + 6 ns (r)sin no)
n=1
where 6 F (r, o) is the flap deflection at radius r and azimuth
^. The flap deflections were thus controlled by 5 input




In Table VII the various combinations of 6. and the radial
locaticns at which the flaps were defflectes are displayed.
The flighr. conditions were u = 0.39, C /o = 0.056, and R =
0.044. None of the 11 cases shown in.. Table VII showed any
saving at all in power with respect to the baseline case of
no flap deflection and the same flight conditions.
The other way of modeling flap deflection variation consisted
of designating the actual !lap deflections at each radial lo-
cation and each of 24 azimuthal locations.
The deployment schedules obtained by designating in program
E-53 azimuthal and radial flap deflection variations are
shown in Table VIII. In this table, only the radial and
azimuthal locations where flaps are actually deflected are
shown. The radial locations -re nondi.mensionalized by blade
radius. The azimuth angles o are in degrees. The flap
deflections are in dt3rees (flap down positive).
6.1 Performance Characteristics and Potential Benefits
With a view toward decreasing 'she average rotor power, the
non-Ginusoidal flap deflection schedules were determined in
two ways. The most commion way was to deploy the flaps with
systematic radial and azimuthal variation of the deflection
angle. Some of these variations are shown in Table VIII.
The other way in which deployment schedules were chosen was
based on the decrease of the local profile drag coefficient.
An output of program b-53 was used to determine regions of
high local drag coefficient by radius and azimuth. The
method consisted of determining C and Mach Number as a func-
tion of r/F and 0 from the B-53 o^tput. Examples of this out-
put are shown in Figure 52. Having both C and M in hand for
a particular -/R and 0, one can refer to 4e drag polars for
the give, M (interpolation between polars may be required here)
and find 5 for minimum drag. Flaps were then depioyed s•ich
that the dfag coefficient at the original lift coefficient and
Mach number was lower than it was for the blade section wiehout
a deployed flap. Since the momen, coefficient change assoc-
iated with flap deflection caused the blade to twist and thus
change the original angle of attack and lift coefficient, this
process was necessarily iterative.
83
FULL SPAN INBOARD HALF OUTBOARD HALF
2 sin X
-2 sin X X X
-4 sin X X X
-2 cos X X X
-4 cos X
a
Table VII	 Sinusoidal Flap Deployment Schedules
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Figure 52	 Lift Coefficient Variation with Radius and
Azimuth for C T/J = 0.10, u = 0.39, d F = 0
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The only significant savings in power occurred when the
blades were deflected in the vicinity of the advancing blade
tip. This is where M is highest, and only where M is high-
est did the minimum C  vary greatly with flap deflection.
The various non-sinusoidal flap deflection schedules shown
in Table IX are grouped into ten categories. The major cate-
gories are designated by the letters A through J, while minor
variations ir, a category are designated by numhers. The gen-
eral area of the rotor disc where the flap is deflected foi
each category is shown in the columns of Table IX headed,
"Aft Blade", "Advancing Blade", "Front Blade", "Retreating
Blade", and "Span".
The columns labeled "Power Savings" in Table IX show the com-
binations of flight conditions and deflection schedules which
resulted in a decrease in average rotor power when compared
to a corresponding baseline case of identical flight condi-
tions but no flap deployment. A savings of less than about
3% was not considered significant enough to be considered a
positive result. That being the case, only four schedules,
Al through A3 and F, demonstrated an ability to decrease
average rotor power, and then only for three sets of flight
conditions. Further, Schedules A2, A3 and F diff2r only
slightly from Al. Therefore, only Schedule Al wa:: used at
different flight conditions.
The instantaneous power variation of Schedule Al, under the
flight conditions of Table IX (i), is shown in Figure 56.
The decrease of average power shown by Schedule Al subjected
to the flight conditions listed in Table IX (i) was found to
be not very sensitive to changes in flap deflection or area
of application. Schedules A2, A3 and F are variations in
azimuth and radius of Schedule Al. These schedules, as
shown in Table IX (i), also produced savings in average
power. Tables IX (j) and IX (k) show that small changes in
N did not adversely affect the ability of Schedule Al to de-
creast^ rotor power. It should be noted that the analyses in
Tables IX (j) and IX (k) were not trimmed completely, but
the rotor power in each case was corrected to x = 0.046.
Although a decrease in average power when compared to a base-
line case was not expected with Schedule A16, the total excur-
sion from minimum to maximum instantaneous power was. This
phenomenon is illustrated in Figure 53. The flight conditions
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6.2 Elastic Effects and Potential Benefits
With a view to decreasing elastic torsional deflections of
the rotor blades, the non-sinusoidal flap deflection sched-
ules were determined in two ways. One way was to deploy the
flaps with systernatic radial and azimuthal variation of the
deflection angle. Some of these variations are shown in
Table VIII.
Schedule Al, which did provide a decrease in rotor power,
also provided a significant decrase in blade tip elastic
twist in the azimuthal vicinity of flap deployment as shown
in Figure 55. Blade tip twist was reduced only slightly
elsewhere on the azimuth. These results were obtained for
the flight conditions of Figure 56.
An other attempt to reduce drag on the adva-icing blade was
to define a-deplcyment schedule that would decrease the blade
tip elastic twist. The result of this investigation was
Schedule E. The flight conditions at which it was used are
C /c = 0.06, X = 0.04", and M = 0.39. The comparison of blade
tTp twist between Schedule E and the baseline case with flaps
undeflec-:.ed is shown La Figure 54. As can be seen in Figure
54, Schedule E decreases the maximum absolute value of elastic
twist by a factor of about 20. Schedule E did not provide a
decrease in average rotor power but did demonstrate the poten-
tial for controlling the blade elastic twist to a required
level. If a prescribed level of blade elastic twist was de-
fined that would significantly improve rotor performance be-
yond the reductions in compressibility power demo gtrated
here, this variable camber concept would provide a powerful
means of attaining additional performance benefits.
7.0 Mechanical Feasibilit
A mechanical feasibility study was started while the candi-
date variable camber concepts were being evaluated, so that
some preliminary assessment could be made of the difficulty
involved in deploying the devices under consideration. As
the preliminary evaluation showed, all configurations except
the trailing edge devices were unsatisfactory due to the un-
usual lift requirements of helicopter rotors; therefore, the
emphasis of the mechanical feasibility st»dy was then focused
on trailing edge flaps. The configuration selected for eval-
uation_ involved the A-1 airfoil e(Iuipped with a 50% plain,
sealed flap. The results of the review of 50% flap feasibil-
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Figure 55 Blade Tip Twist - Schedule Al and Baseline
CT/a = 0.09, u = 0.5, X = 0.046
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Figure 56	 Rotor Instantaneous Power Variation - Schedule Al
and Baseline. CT/a = 0.09, u = 0.5
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The review of the means to deploy variable camber covered,
the following aspects conceptually:
(a) Spanwise deployment alternatives
(b) Flap hinge kinematics, rigid vs. flexible skins
(c) Flap leads and moments, a5 due to cyclic variations in
the local flow environment.
(d) Means of actuation (mechanical, hydraulic, pneumatic,
electric).
(e) Assessment of weight distributi.n.
7.1 Example of Flap Deployment Scheme
Figures 57 through 64 illustrate some of the elements to be
taken into account when examining the details of variable
camber to be deployed on a helicopter rotor. Figure 57 ad-
dresses the general features of the flow encountered by the
inboard, midspan and outboard segments of a rotor blade.
Figure 58 illustrates the probable range of flap deflection
angles to be expected in a variable camber blade. Although
the 50% flap configuration shown in Figure 58 can be deflec-
ted up by -5 0 , and down by 15 0 ; the range of deployment would
probably never exceed f5 0 because of the very large pitching
moments associated with flap deflection, shown earlier in
Figure 51.
Figures 59 and 60 show the spanwise and cyclic variation in
dynamic pressure and Mach number, respectively, encountered
in forward flight at an advance ratio N = 0.5. Figure 31
shows the effect of flap deflection angle on the pressure
coefficients integrated from the trailing edge to the flap
hinge; i.e. the shear lead at the hinge. The pressures were
obtained by means of the airfoil analysis of references 20
and 22, and summarize both the effects of angle of attack
and Mach number variation for the A-1 airfoil with a 50% flap.
Figure 62 addresses feasible flap deployment alternatives over
the three spanwise regions. Depending on the method of actua-
tion, it might be easier to deploy step inputs rather a more
complex continuous flap angle variation scheme.
Figure 63 shows the ae!odynamic hinge moments to be expected
over a 50% at a N = 0.5 flight condition. Figure 64 summar-
izes the spanwise variation in the maximum hinge moment. The
loads and moments can be estimated from the Mach number, angle
of attack and sectional characteristics calculated by the B-53





















1	 11	 /	 II
I	 ,	 I	 ,,	 I
I	 i	 ;,	 I	 ^	 I





I	 Ij	 !	 I
	
I	 l	 Ii	 ^	 I












I	 /	 II	 I




I	 ^	 I	 I
	
1	 ^	 I	 I
/	 I
	
I	 /	 I ^	 i	 I	 I
	
I	 I	 I	 I
I
	


































O'"Ic PRESSURE AT VARIOUS ROTOR RADII
























e	 i am	 2"	 3za
AZIMJIH
Figure 60





















L5w CL KDVPNCINC, , 1N CCLA5IrJC	 TO ^J?•^!
PLED uGE TC HIGH D a P( ; GFILE IQ 2&)U ; E




S	 Igo	 ^^S	 y+
C 54.1 TE.Q
LO W CL 4DJAWCING	 NUEASOJa To KE.DIV ►^
VALUE fb laoo 7.1, i INU-F-Pt6tt, . To 4k4H VALUE
RJ=TR c-A Zl,.1 G @ 270° -4,
 UL SIM1L]ID4LL .	 Ok 1>000LL Sw





MINIruM Ca A,DVP- CA IJG ! 90• b.) Fwk KIN. D"C.
k.:)E • Hic o mAcl► No. ; INLR.LAt E C L. O 180°'I+
TO FILL IN LIFT Df-tUT (a) MIR 'DUE T 'O %.Ajws" Dv I►lLtA^
INCJLE"f- FCO_ RLTREA-nw G 1'70 . U
415
	
•	 1 A S4WLA*,0AL-
r	 ``^^`	 QR S^EV IuhJiS
'I
	






\&aY MCROYIMA IE FROT "1 ESTIPIA -TF-D DEFUE-CTOh:S

















r	 ^^	 ^r	 15o Y
Figure 63
	 3-S(.gmenL Variable Camber Hinge
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Figure 64
	 Radial Variation of Hinge Moments for
the A-1 Airfoil with a 50% Flap.
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7.2 Means of Variable Camber Actuation
Figure, 65 through 66 address the feasible means to drive
variable camber T.E. devices. The methods considered are
mechanical, hydraulic, pneumatic and electric. Examples of
s^,anwise deployment are shown in Figure 69.
7.3 Hinge Designs
A flexible skin and a rigid skin flap deployment scheme were
reviewed in some detai:. to quantify any potential advantages
of one approach over the other. Figures 70 and 71 compare
hinge =Kinematics. Figures 72 and 73 show the effect of hinge
contour on the pressure distributions at M = 0.4 for a rela-
tively nigh lift level (u = 1.37). A comparison of the pres-
sure distributions points out that, clearly, the flexible
skins allow a smoother hinge contour, with potentially sub-
stantial benefits in terms of profile drag reduction arid/or
attainment of higher unseparated lift levels. Figures 74
through 78 compare the Y-39 predictions for the two config-
urations. Figure 74 shows the variation of 'he lift coeffi-
cient with angle of attack, Figure 75 compares the profile
drag, coefficients, Figure 76 the lift/drag poiars, Figure
77 the pitching moment coefficients, and Figure 78 the cal-
culated 1,irbulent separation boundaries.
7.4 Mass Distribution
F-Igure 79 shows the estimated mass distribution over	 blade
employing variable camber devices (50% plain flaps) from root
to tip. The estimate was carried out for an H-34 blade.
8.0 Conclusions and Recommendations
8.1 Conclusions Corncernin Performance C:aracteristics
an F ast4_c : ecrs
The potential oerlefi*.a in power reduction from using a vari-
able camber rotor rrqui.res the flap deployment schedule to
be tailored to the flight conditions. This conclusion is
based on the fact that Schedule Al lowered average power con-
siderably far ;i =0.50, C /a = 0.09, and X = 0.046 but did not
for other flight conditions. These flight conditions contain
both high thrust and high advance ratio. Therefore, o.ie can
conclude that only in this severe regime can the Prospects of
finding a power-saving flap deployment schedule be good.
Decreasing blade tip elastic twist by deploying flaps was
somewhat easiar to accomplish than decreasing average rotor
power. Aiso, the decrease can be striking, as much as a
factor of about 20 when compared to a baseline case without
flap deflection. However, the power may or may not decrease
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	 3-Segment Variable Camber Mechanical
Actuation Systems.
112
• D;^{►D^/11 NTA4 E5
• NG.ED ROiHT. uC .SEAL rn. Av0
SZ P U ►tp IN CU►GL
• PRESSUZZE.D LJNE.5 IN OLPH:&S
• TIFf1GULT To r-*(L - SAFE
Fait HARDOVEQ CDNOInoNS
• DIFAWLT To --6EvIcE.
• VRLVINC AFELZED 0Y C.F.













= =:: ^ ^
o
c_	 W0213QMI4L GYUNDER , t P.rt a K-TUA710'.
N .Zo^STRt LILit.DEIL OVER- WPJGE
N
• It'i[i?D A:T,k.. G:UUD 4.4 OVER SPRING
L






hOQ^^cs^.:Tal_ tiCtuA-tDe ^ u^1K
VtUICAL CYUUOCG- WrQ4 V6aT
FZ^ bzw7P'L cvurMU OV'EP- SP lZ on
SPRiuc. DEu.awrs aft 2cule-DOW TUBE
• Avt kuTRC,ES	
- DtS WANTIKES
X.Owf-L RESPdW SE ExtEPT (a
1Kc.+t PRtssV RE
0 SPA#. Chn1 DE USED RS PLENIPm
• REEDS PD14T "a SE&L OR,
Puw ru ouAoE-











URlGIN QL FA IF IS
OF t JCR QUALITY
1 y	 f
illU
	 ^i LL--A CO^C.-JE.75 2 PcWTionv S a'R 3 U^^K
0 Ctr."TE.-^ t^c^C
E f:CTRD1n AL.KMT L.%TW 3NUNG
FLLUI!oUT`( Akio ab n ER+NG
L
Rb^t¢Y ACi1JATOR_ DR^vIUG GEA,2
ON RRCX
1	 ^
3GLE^.JOiDS	 I,l^T►i C.ErJTflL POSIT^oni
SC1LJ w10^D W" SPRUNG 5uRt0KE
1!
ADVANTAGES
• ONLY WICING Dowkj OL"e
. )WRIJJE.LY VA9JA6LE FitF1,1.. t P":ING
• 6AsIL`C kax-ss1OLE
• N O GE SE IJ 5I T1 V t_ Car.00 ArENTS
DLSADVANTA.GES
• I41G1r WEIGHT Ai.7J POWia CEO.
• 'TEP IAIPUTS ONLY

































I V III Lpl,rolos


























































































XTRAN (UPPER) = 0.200
















Figure 72	 Example of Pressure Distributions for a
Flap Configuration Utilizing Flexible Skins.
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Example of Pressure Distributions for
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Figure 75
	 Rigid versus Flexible Flap Hinge. Comparison
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one flap deployment schedule and its derivatives de-
d average rotor power for high thrust and speed flight
ions by approximately 11%, it is recommended that flight
ions beyond N = .S and up to N = .6 be explored with a
oward decreasing rotor power. The exploration of high
should be conducted at normal operating thrust levels,
0.6, and at higher levels, C T/a = .09.
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Coordinates of the A-1 Airfoil with
35% and 50% P air_ T.E. Flaps
UPPER SURFACE LOWER SURFACE
XU 2U XL ZL
0.0 0.0 0.0 0.0
0.000200 0.002379 0.000200 -0.002228
0.000500 0.003771 0.000500 -0.003375
0.001000 0.005414 0.001000 -0.004719
0.002000 0.007656 0.002000 -0.006512
0.003500 0.010133 0.003500 -0.008436
0.005000 0.012144 0.005000 -0.009945
0.006500 0.013878 0.006500 -0.011196
0.008000 0.015434 0.008000 -0.012270
0.010000 0.017315 0.010000 -0.013503
0.012500 0.019447 0.012500 -0.014815
0.016000 0.022136 0.016000 -0.016341
0.020000 0.024901 0.020000 -0.017770
0.025000 0.028006 0.025000 -0.019223
0.035000 0.033351 0.035000 -0.021367
0.050000 0.039906 0.050000 -0.023654
0.065000 0.045233 0.065000 -0.025486
0.080000 0.049600 0.080000 -0.027101
0.100000 0.054210 0.100000 -0.029016
0.125000 0.058287 0.125000 -0.031038
0.150000 0.060977 0.150000 -0.032767
0.200000 0.063435 0.200000 -0.035505
0.250000 0.064310 0.250000 -0.037272
0.300000 0	 1 64461 0.300000 -0.038283
0.350000 0.	 64089 0.350000 -0.038655
0.400000 0.'63156 0.400000 -0.038481
0.450000 0	 51544 0.450000 -0.037820
0.500000 0	 59237 0.500000 -0.036651
0.550000 0	 j56234 0.550000 -0.035013
0.586000 0.053700 0.586000 -0.032800
0.616000 0.051000 0.616000 -0.030200
0.640000 0.049200 0.640000 -0.028100
0.660000 0.047900 0.660000 -0.026200
0.634000 0.046800 0.684000 -0.024000
0.714000 0.045700 0.714000 -0.020600
0.750000 0.044200 0.752543 -0.016014
0.797693 0.041602 0.802063 -0.008346
0.848197 0.038026 0.851552 -0.000325
0.898708 0.034370 0.901003 0.008135
0.923927 0.032957 0.925707 0.012609
0.949094 0.032136 0.950389 0.017333
0.974178 0.032263 0.975045 0.022355
0.989183 0.032870 0.989829 0.025476
0.999164 0.033520 0.999686 0.027545
Cf/C = 0.35, 6F = - 5°
A-1
UPPER SURFACE LOWER SURFACE
XU ZU XL ZL
0 0.0 0.0 0.0
000200 0.002379 0.000200 -0.002228
000500 0.003771 0.000500 -0.003375
001000 0.00541f+ 0.001000 -0.004719
002000 0.007656 0.002000 -0.006512
003500 0.010133 0.003500 -0.008436
005000 0.012144 0.005000 -0.009945
006500 0.013878 0.006500 -0.011196
008000 0.015434 0.008000 -0.012270
010000 0.917315 0.0100G0 -0.013503
012300 0.019447 0.012500 -0.014815
016000 0.022136 0.016000 -0.016341
020000 0.024901 0.020000 -0.017770
025000 0.028006 0.025000 -0.019223
035000 0.033351 0.035000 -0.021367
050000 0.039906 0.050000 -0.023654
065000 0.045233 0.065000 -0.025486
080000 0.049600 0.080000 -0.02i101
100000 0.054210 0.100000 -0.029016
125000 0.058287 0.125000 -0.031038
150000 0.060977 0.150000 -0.032767
200000 0.063435 0.200000 -0.035505
250000 0.064310 0.250000 -0.037272
300000 0.064461 0.300000 -0.038283
350000 0.064089 0.350000 -0.038655
400000 0.063156 0.400000 -0.038481
450000 0.061544 0.450000 -0.037820
500000 0.059237 0.500000 -0.036651
550000 0.056234 0.550000 -0.035013
600000 0.052486 0.600000 -0.032965
650000 0.047923 0.650001 -0.030558
700000 0.042460 0.700000 -0.027850
750000 0.036002 0.750000 -0.024857
8000 1 0 0.028604 0.800000 -0.021534
850000 0.020640 0.850000 -0.017857
900000 0.012596 0.900000 -0.013739
925000 0.008990 0.925300 -0.011435
950000 0.005979 0.950000 -0.008881
975000 0.003919 0.975000 -0.006027
990000 0.003216 0.990000 -0.004206
000000 0.002994 1.000000 -0.003004
Cf/C = 0.35, 6F = 0°
A-2
UPPER SURFACE LOWER SURFACE
XU ZU XL ZL
0.0 0.0 0.0 0.0
0.000200 0.002379 0.000200 -0.002228
0.000500 0.003771 0.000500 -0.003375
0.001000 0.005414 0.001000 -0.004719
0.002000 q.007656 0.002000 -0.006512
0.003500 0.010133 0.003500 -0.008436
0.005000 0.012144 0.005000 -0.009945
0.006500 0.013878 0.006500 -0.011196
0.008000 0.015434 0.008000 -0.012270
0.010000 0.017315 0.010000 -0.013503
0.012500 C.019447 0.012500 -0.014815
0.016000 0.022136 0.016000 -0.016341
0.020000 0.024901 0.020000 -0.017770
0.025000 0.028006 0.025000 -0.019223
0.035000 0.033351 0.035000 -0.021367
0.050000 0.039906 0.050000 -0.023654
0.065000 0.045233 0.065000 -0.025486
0.080000 0.049600 0.080000 -0.027101
0.100000 0.054210 0.100000 -0.029016
0.125000 0.058287 0.125000 -0.031038
0.150000 0.060977 0.150000 -0.032767
C.200000 0.063435 0.200000 -0.035505
0.250000 0.064310 0.250000 -0.037272
0.300000 0.064461 0.300000 -0.038233
0.350000 0.964089 0.350000 -0.038655
0.400000 0.063156 0.400000 -0.038481
0.450000 0.061544 0.450000 -0.037820
0.500000 0.059237 0.500000 -0.036651
0.550000 0.055234 0.550000 -0.035013
0.586000 0.053900 0.586000 -0.033200
0.616000 0.050300 0.616000 -0.032400
0.640000 0.047300 0.640000 -0.032000
0.660000 0.044800 0.660000 -0.032000
0.684000 0.041000 0.684000 -0.032100
0.714000 0.035900 0.714000 -0.032600
0.752000 0.027182 0.746696 -0.033445
0.801165 0.015455 0.796796 -0.034492
0.85C281 0.003163 0.846926 -0.035187
0.899390 -0.009208 0.897094 -0.035443
0.923980 -0.014979 0.922200 -0.035326
0.948623 -0.020157 O.v47328 -0.034961
0.973348 -0.024388 0.972481 -0.034297
0.988230 -0.026396 0.987583 -0.033790
0.998172 -0.027489 0.997650 -0.033464
Cf/C = 0. 35, 6 F
 = 5°
A-3
UPPER SURFACE LOWER SURFACE
XU ZU XL ZL
0.0 0.0 0.0 0.0
0.000200 0.002379 0.000200 -0.002228
0.000500 0.003771 0.000500 -0.003375
0.001000 0.005414 0.001000 -0.004719
0.002000 0.007656 0.002000 -0.006512
0.003500 0.010133 0.003500 -0.008436
0.005000 0.012144 0.005000 -0.009945
0.006500 0.013878 0.006500 -0.011196
0.008000 0.015434 0.008000 -0.012270
0.010000 0.017315 0.010000 -0.013503
0.012500 0.019447 0.012500 -0.014115
0.016000 0.022136 0.016000 -0.016341
0.020000 0.024901 0.020000 -0.017770
0.025000 0.028006 0.025000 -0.019223
0.035000 0.033351 0.035000 -0.021367
0.050000 0.039906 0.050000 -0.023654
0.065000 0.045233 0.065000 -0.025486
0.080000 0.049600 0.080000 -0.027101
0.1noo00 0.054210 0.100000 -0.029016
0.125000 0.058287 0.125000 -0.031038
0.150000 0.060977 0.150000 -0.032767
0.200000 0.063435 0.200000 -0.035505
0.50000 0.064310 0.250000 -0.037272
0.300000 0.064461 0.300000 -0.038283
0.350000 0.064089 0.350000 -0.038655
0.400000 0.063156 0.400000 -0.038481
0.450000 0.06'.544 0.450000 -0.037820
0.500000 0.05,?237 0.500000 -0.036651
0.550000 0.056?34 0.550000 -0.035013
0.586000 0.0538^: 0.586000 -0.033300
0.616P00 0.050800 0.616000 -0.032600
0.:40000 0.047900 0.640000 -0.0327:0
0.660000 0.044430 0.660000 -0.033600
0.684000 0.038900 0.684000 -0.035200
0.714000 0.030700 0.714000 -0.036100
0.753225 0.018222 0.746000 -0.042000
0.801180 0.002254 0.792474 -0.047122
0.849038 -0.014271 0.842353 -0.052183
0.896881 -0.030876 0.892308 -0.056810
0.920875 -0.038768 0.91729 -0.058883
0.944973 -0.046074 0.942392 -0.060709
0.969235 -0.052444 0.967508 -0.062239
0.983885 -0.055741 0.982596 -4.063051
0.993695 -0.057696 0.992653 -0.063603
C f /C = 0.35, 6 F = 100
A-4
UPPER SURFACE LOWER SURFACE
XU ZU XL ZL
0 0.: 0.0 0.0
000200 0.002379 0.000200 -0.002228
000500 0.003,71 0.000500 -0.003375
001000 0.005414 0.001000 -0.004719
002000 0.007656 0.002000 -0.006512
003:00 0.010133 0.003500 -0.008436
005000 0.012144 0.005000 -0.009945
006500 0.013878 0.00650C -0.011196
On8000 0.015434 0.008000 -0.012270
010000 0.017315 0.010000 -0.013503
012500 0.019447 0.012500 -0.014815
016000 0.022136 0.016000 -0.016341
020000 0.024901 0.020000 -0.017770
025000 0.028006 0.025000 -0.019223
035000 0.033351 0.035G00 -0.021367
050000 0.039906 0.050000 -0.023654
065000 C.045233 0.065000 -0.25486
080000 0.049600 0.080000 -0.027101
100000 0.054210 0.100000 -0.029016
125000 0.058287 0.125000 -0.031038
150000 0.060977 0.150000 -0.032767
200000 ^.063435 0.200000 -0.035505
250000 0.064310 0.250000 -0.037272
300000 0.064461 0.300000 -0.038283
350000 0.064089 0.350000 -0.038655
400000 0.063156 0.400000 -0.038481
450000 0.061544 0.450000 -0.037,320
500000 0.059237 0.500000 -0.036651
550000 0.056234 0.550000 -0.'35013
586000 0.053200 0.586000 -3'.O"4700
616000 0.049500 0.616000 -0.034800
6'.7000 0.045200 0.640000 -0.035400
660000 0.04110C 0.660000 -0.037100
684000 0.035000 0.63'4000 -0.040200
714000 0.024800 0.714000 -0.06:500
753663 0.009189 0.748000 -0.01-2100
800345 -0.010898 0.787068 -0.05,1327
;46280 -0.031531 0.t36316 -0.068716
892494 -0.052242 0.885678 -0.077680
915709 -0.062196 0.910423 -0.081925
939078 -0.071575 0.935232 -0.085928
962693 -0.080035 0.960119 -0.089642
977000 -0.086596 U.975079 -0.091765
986602 -0.087399 0.985049 -0.093192
Cf/C = 0.35, 6 F
 = 150
A-5
UPPER SURFACE LOWER SURFACE
XU ZU XL IL
0 0.0 0.0 0.0
.000200 0.002379 0.000200 -0.002228
.000500 0.003771 0.000500 -0.003375
.001000 0.005414 0.001000 -^.004719
.002000 0.007656 0.002000 -0.006512
.003500 0.010133 0.003500 -0.008436
.005000 0.012144 0.005000 -0.009945
.006500 0.013878 0.006500 -0.011196
.008000 0.015434 0.008000 -0.012270
.010000 0.017315 0.010000 -0.0135..5
.012500 0.019447 0.012503 -0.014815
.016000 0.022136 0.016000 -0.016341
.020000 0.024901 0.020000 -0.017770
.025000 0.028006 0.0?5000 -0.019223
.035000 0.033351 1.039000 -0.021367
.050000 0.039906 0.050000 -0.023654
.065000 0.045233 0.065000 -0.025486
.080000 0.049600 0.080000 -0.027101
.100000 0.054210 0.100000 -0.029016
.125000 0.058287 0.125000 -0.031038
.150000 0.060977 0.15000 -0.032767
.200000 0.063435 0.200000 -0.035505
.250000 0.064310 0.250000 -0.037272
.300000 0.064':1+'_ 0.300000 -0	 038283
.350000 0.064089 0.350000 -0.038655
.400000 0.063700 0.400000 -0.038481
.436000 0.063300 0.436000 -0.037570
.466000 0.062700 0.466000 -0.036550
.490000 0.062200 0.490000 -0.035500
.511000 0.061760 0.510000 -0.034350
.534000 0.060900 0.534000 -0.032400
.56.000 0.660000 0.564000 -0.029320
.598000 0.058300 C.598nno -0.0250'10
.646237 0.057200 0.653077 -0.018500
.696522 0.055500 0.702650 -0.011000
.746895 0.053000 0.752199 -0.003500
.797350 0.050700 0.801719 0.004700
.847853 0.048500 0.851209 0.012760
.898364 0.046700 0.900660 0.021220
.923583 0.046040 0.925363 0.026000
948751 0.045219 0.950046 0.030700
.973825 0.045346 0.974702 0.035450
.988835 0.045953 0.989486 0.038559
.998821 0.046603 0.999343 0.040628
C f/C = 0.50, 6 F = -50
A-6
A-7
UPPER SURFACE LOWER SURFACE
XU ZU XL ZL
0 0.0 0.5 0.0
.000200 0.002379 0.000200 -0.002228
.000500 0.003771 0.000500 -'.003375
.001000 0.005414 0.001000 --u.004719
.002000 0.00765'_ O.0O2000 -0.006512
.003503 0.010133 0.003500 -0.008436
.005000 0.012144 0.005000 -0.0099#5
.006500 0.013878 0.06500 -0.011196
.008000 0.015434 O.U08000 -0.012270
.010000 0.017315 0.010000 -0.013503
.012500 0.019447 0.01:500 -0.014815
016000 0.022136 0.016000 -0.016341
.020000 0.024901 0.020000 -0.017770
.025000 0.028006 0.025000 -0.019223
.035000 7.033351 0.035000 -0.021367
.050000 O.C39906 0.050000 -0.023654
.065000 0.045233 0.065000 -0.125486
.080000 0.049600 0.080000 -0.627101
.100000 0.054210 0.100000 -0.029016
.125000 0.058237 0.125000 -0.031033
.150000 0.060977 0.150000 -0.032767
.200000 0.063435 0.2n0000 -0.035505
.250000 0.064310 0.250000 -0.037272
.300000 0.064461 0.300000 -0.036283
.350000 0.064089 0.350000 -0.038555
.400000 0.063156 0.400000 -0.038481
.436J00 0.06222C 0.436000 -0.038730
.466000 0.060880 0.466000 -0.038880
.490000 0.059600 0.490000 -0.038930
-510000 0.057000 0.510000 -0.039173
.534000 0.054030 0.534000 -0.039500
.564000 0.049780 0.56400 -0.040230
.603210 0.043614 0.598000 -0.041630
.652622 0.034710 0.645782 -0.043472
.701955 0.024910 0.695827 -0.045132
.751202 0.0:4119 0.745898 -0.046508
.80067 0.002391 0.795997 -0.047556
.849483 -0.009900 0.846127 -0.048251
.898591 -0.022271 0.896296 -0.048506
.923182 -0.028042 0.921402 -0.048390
.947824 -0.033221 0.946529 -0.048024
.972550 -0.037452 0.971683 -0.047360
.987431 -0.039460 0.986785 -0.045528
.997374 -0.040552 0.996851 -0.046528
Cc/C = 0.50, 6g = 50
UPPER SURFACE LOWER SURFACE
XU ZU XL ZL
0.0 0.0 0.0 0.0
0.000200 0.002379 0.000200 -0.002228
0.000500 0.003771 0.000500 -0.003375
0.001000 9.005414 0.001000 -0.004719
0.002000 0.007656 0.002000 -0	 006512
0.003500 0.010133 0.003500 -0.008436
0.005000 0.012144 0.005000 -0.009945
0.006500 0.013878 0.006500 -0.011196
0.008000 0.015434 0.008000 -0.012270
0.010000 0.017315 0.010000 -0.013503
0.012500 0.019447 0.012500 -0.014815
0.016000 0.022136 0.016000 -0	 016341
0.020000 0.024901 0.020000 -0.017770
0.025000 0.028096 0.025000 -0.019223
0.035000 0.033351 0.035000 -0.021367
0.050000 0.03990i 0.050000 -0.023654
0.065000 0.045233 0.065000 -0.025486
0.080000 ^.049600 0.080000 -0.027101
0.1 0 " 0 00 0.054210 0.100000 -0.029016
O.1G_	 0 0.58287 0.125000 -0.031038
0.150000 0.060977 0.150000 -0.032767
0.200000 0.063435 0.200000 -0.035505
0.25L000 0.064310 0.250000 -0.037272
0.300000 0.064461 0	 300000 -0.038283
0.350000 0-06fM 9 0.350000 -0	 038655
0.400000 0.063156 .0.400000 -0.038481
0.436000 u	 062020 0.436000 -0.038500
0.466000 0.060250 0.466000 -0.039000
0.490000 0.058000 0.490000 -0.039880
0.510000 0.055440 0.510000 -0.041200
0.534000 0.05144G 0.534000 -0.043200
0.564000 0.045030 0.564000 -0.046500
0.605634 0.034495 0.598000 -0.050750
0.5'4082 0.021319 0.640454 -0.055970
0.702374 0.007257 0.690164 -0.061985
0. 7 50493 -0.007786 0.739924 -0.067720
0.798448 -0.023754 0.789742 -0.073130
0.84Li ^6 •-0.040279 0.839621 -0.078191
0.694149 -0.056883 0.889576 -0.082818
0.918143 -0.064776 0.914597 -0.084890
0.942241 -0.072082 0.939660 -0.046716
0.966503 -0.078452 0.964776 -0.088247
0.981153 -0.081749 0.979864 -0.089058
0.990963 -0.083704 0.989921 -0.089611
Cf/C = 0.50. 5 F = 100
A-8
UPPER SURFACE LOWER SURFACE
XU ZU XL ZL
0 0.0 0.0 0.^
000200 0.002379 0.000200 -0.002223
000500 0.003771 0.000500 -0.003375
001000 0.005414 0.001000 -0.004719
002000 0.007656 0.002000 -0.006512
003500 0.010133 0.003500 -0.008436
005000 0.012144 0.905000 -0.009945
006510 0.013878 0.006500 -0.011196
008000 0.015434 0.008000 -0.012270
010000 0.617315 0.0!00	 0 -0.013503
u12500 0.019447 0.012500 -0.014815
016000 0.022136 0.016000 -0.016341
020000 0.024901 0.020001 -0.017770





06540 0.045233 0.065000 -0.025486
OBCOuo 0.049600 0.080000 -0.027101
100000 0	 354210 0.100000 -0.029016
125000 0.058287 0.125000 -0.031038
150000 0.060977 0.150000 -0.032767
200000 0.063435 0.200000 -0.03555





400000 0.063156 0.400000 -0.038481
430000 0.062130 0.436000 -0.038580
466000 0.059800 0.466000
-0.039000
490000 0.057000 0.490000 -0.040610
510000 C.053840 0.510000 -0.04264P
534000 0.048670 0.534000 -0.045200
564000 0.040400 0.564000 -0.052640
6072 5 4 0.025200 0.585138 -0.057339
654369 0.007852 0.534057 -0.067995
701252 -0.010366 O.b83054 -0.07280
747377 -0.029545 0.732125 -4.038330
794258 -0.049632 0.781231 -0.098061
840493 ••0.070265 0.850529 -0.107450
886707 -0.090976 0.879891 -0.116414
909922 -0.100930 0.904636 -0.120659
933291 -0.110309 0.9:9445 -0.124662
956906 -0.118769 0.954332 -0.128376
97121' -0.123330 0.969292 -0.130499
980815 -0.126133 0.979263 -0.131926




Sectional Characteristics of the A-1 Airfoil with a
35 % Plain Flap
B.1 Sectional Characteristics in `tabular Form
for 6F = -51
010	 A-1 AIRFOIL WITH 0.35C FLAP (-5 DEG. FLAP ANGLE) 10/27/81
	
180.	 18n. MAX POS ALPHA.MAX MEG ALPHA
CL180	 K1	 K2	 K3	 K4	 CONTROL NOS.
	
0.0000	 1.0000	 1.0000	 1.0000	 1.0000
10 NO.OF MACH NUMBERS FOR CL VS ALPHA
MACH NUMBERS
	
0.000	 0.300	 0.400	 0.500	 0.600	 0.700	 0.800
	
0.850	 0.900	 1.000
**k***^**^ LIFT TABLE x*x*********
6	 ALPHA-CL PAIRS FOR MACH NUM.=	 0.000
ALPHA
	
0.000	 16.640	 2C.000	 340.000	 351.100	 360.000
CL
-0.335000 1.540000 0.800000 -0.800000 -1.340000 -0.335000
6	 ALPHA-CL PAIRS FOR MACH NUM.=	 0.300
ALPHA
	
O.000	 16.010	 20.000	 340.000	 351.600	 360.000
CL
-0.351000 1.540000 0.800000 -0.800000 1.340000 -0.351000




	 12.060	 20.000	 340.000	 355.000	 360.000
CL
	
-0.368000	 1.130000	 0.800000 -0.80000C -0.990000 -0.368000
6	 ALPHA-CL PAIRS FOR MACH HUM.=	 0.500
ALPHA
	
0.000	 10.410	 20.000	 340.000	 357.400	 360.000
CL
	
-0.392000	 0.990000	 0.800000 -0.800000 -0.740000 -0.392000
6	 ALPHA-CL PAIRS FOR MACH NUM.=	 0.600
ALPHA
	





0.660000	 0.800000 -0.800000 -0.520000 -0.430000
6	 ALPHA-CL PAIRS FOR MACH NUM.=	 0.700
ALPHA
	
0.000	 0.100	 5.010	 20.000	 340.000	 360.000
CL
	
-0.482000 -0.480000	 0.350000	 0.800000 -0.800000 -0.482000
6	 ALPHA-CL PAIRS FOR MACH NUM.=	 0.800
ALPHA
	
0.000	 0.930	 3.940	 20.000	 340.000	 360.000
CL
	
-0.420000 -0.400000	 0.210000	 0.800000 -0.800000 -0.420000
B-1
ft
6	 ALPHA-CL PAIRS FOR MACH NUM.= 	 0.850
ALPHA
	
0.000	 3.070	 3.666	 20.000	 340.000	 360.000
CL
-0.098000 0.010000 0.140000 0.800000 -0.800000 -0.098000
6	 ALPHA-CL PAIRS FOR MACH HUM.=	 0.900
ALPHA
	
0.000	 7.640	 20.000	 340.000	 357.700	 360.000
CL
-0.435000 0.800000 0.800000 -0.800000 -0.800000 -0.435000
6	 ALPHA-CL PAIRS FOR MACH NUM.=	 1.000
ALPHA
	
0.000	 10.030	 20.000	 340.000	 354.000	 360.000
CL
-0.203000 0.800000 0.800000 -0.800000 -0.800000 -0.203000
B-2
010	 A-1 AIRFOIL WITH 0.35C FLAP	 (-5 DEG.	 FLAP ANGLE)	 10/27/81
DRAG TABLE**x^*x^ *** **
MAXIMUM POS -NEG ANGLES IN CD-M TABLES
16.000 348.000
:6 ALPHA VALUES FOR CD VS M
ALPHA
0.000 1.000 2.000	 3.000	 5.000 8.000 10.000
12.000 16.000 348.000	 352.000	 355.000 357.000 358.000
359.000 360.000
6 M-CD PATRS FOR ALPHA	 =	 0.000
MACH
0.000 0.200 0.500	 0.600	 0.700 1.000
CD
0.009700 0.009700	 0.009200 C.009500	 0.015000 0.168000
8 M-CD PAIRS FOR ALPHA =	 1.000
MACH
0.000 0.200 0.500
	 0.600	 0.700 0.755 0.800
1.000
CD
0.009800 0.009800	 0.008800 0.008800	 0.011000 0.012000 0.016000
0.118000
7 M-CD PAIRS FOR ALPHA =	 2.000
MACH
0.000 0.200 0.500	 0.600	 0.740 0.800 1.000
co
0.009800 0.009800	 0.008600 0.008500	 0.010807 0.160000 0.118000
7 M-CD PAIRS FOR ALPHA =	 3.000
MACH
0.000 0.200 0.600	 0.700	 0.740 0.800 1.000
CD
0.009800 0.009800	 0.008500 0.010400	 0.014000 0.023000 0.125000
7 M-CD PAIRS FOR ALPHA =	 5.000
MACH
0.000 0.200 0.500	 0.625	 0.675 0.700 1.000
CD
0.010300 0.010300	 0.009000 0.009000	 0.014000 0.023000 0.176000
8 M-CD PAIRS FOR ALPHA =	 8.000
MACH
0.000 0.200 0.400	 0.500	 0.525 0.575 0.600
1.000
CD
0.011200 0.011200	 0.010800 0.010900	 0.011000 0.016000 0.028750
0.232750
6 M-CD PAIRS FOR ALPHA	 =	 10.000
MACH
0.000 0.300 0.400	 0.500	 0.515 1.000
CD
































































M-CD PAIRS FOR ALPHA =	 357.000
	
0.200	 0.400	 0.480	 1.000
	
0.011100	 0.011700	 0.016000	 0.281200
M-CD PAIRS FOR ALPHA =	 358.000
	
0.200	 0.400	 (.525	 1.000
	
0.010800 0.010600	 0.015400	 0.257650









M-CD PAIRS FOR ALPHA =	 360.000
	
















010	 A-1 AIRFOIL WITH 0.35C FLAP (-5 DEG. FLAP ANGLE) 10/27/81
PITCHING MOMENT TABLE S******^****^*^




16	 ALPHA VALUES FOR CM VS M
ALPHA
	
0.000	 0.930	 3.070	 3.900	 5.010	 7.460	 10.410
	




7	 M-CM PAIRS FOR ALPHA =	 0.000
MACH
	
0.000	 0.300	 0.400	 0.500	 0.600	 0.700	 1.000
CM
0.054000 0.054000 0,055000 0.057000 0.060000 0.064000 0.064000
	
8	 M-CM PAIRS FOR ALPHA =	 0.930
MACH
	




0.054000	 0.054000	 0.055000 0.057000 0.060000 0.064000	 0.073000
0.073000
	
9	 M-CM PAIRS FOR ALPHA =	 3.070
MACH
	








9	 M-CM PAIRS FOR ALPHA =	 3.900
MACH
	









9	 M-CM PAIRS FOR ALPHA =	 5.010
MACH
	









9	 M-CM PAIRS FOR ALPHA =	 7.460
MACH
	


























































M-CM PAIRS FOR ALPHA = 	 10.410
0.300	 0.400	 0.530	 0.700 1.000
0.054000	 0.055000	 0.057000	 -0.032000 -0.095000
M-CM PAIRS FOR ALPHA =	 12.060
0.300	 0.400	 0.500	 1.000
0.054000	 0.055000	 0.033900	 -0.140000
M-CM PAIRS FOR ALPHA =	 16.000
1.000
0.040000
M-CM PAIRS FOR ALPHA = 	 344.000
1.000
0.282000
M-CM PAIRS FOR ALPHA =	 351.100
0.300	 0.500	 1.000
0.069000	 0.246000	 0.246000
M-CM PAIRS FOR ALPHA =	 351.600
0.300	 0.500	 1.000
0.054000	 0.231000	 0.231000
M-CM PAIRS FOR ALPHA =	 355.000
0.300	 0.400	 0.500	 0.600 0.700	 1.000
0.054000	 0.055000	 0.129000	 0.192000 0.214000	 0.214000
M-CM PAIRS FOR ALPHA	 =	 357.400
0.300	 0.400	 0.500	 0.600 0.700	 1.000
0.054000	 0.055000	 0.057000	 0.120000 0.142000	 0.142000
M-CM PAIRS FOR ALPHA	 =	 359.400
0.300	 0.400	 0.500	 0.600 0.700	 1.00
0.054000	 0.055000	 0.057000	 0.060000 0.082000	 0.082000
M-CM PAIRS FOR ALPHA	 =	 360.000
0.300	 0.400	 0.500	 0.600 0.700	 1.000
0.054000	 0.055000	 0.057000	 0.060000 0.064000	 0.064000
B-6
1
B.2 Sectional Characteristics in Tabular
Form for 6 F = 0°
011	 A-1 AIRFOIL WITH 0.35C F_IP ( 0 DEG. FLAP ANGLE) 10/27/81
	
180.	 180. MAX POS ALPHA,MAX MEG ALPHA
CL180	 K1	 K2	 K3	 K4	 CONTROL 'SOS.
	
0.0000	 1.0000	 1.0000	 1.0000	 1.0000
10 NO.OF MACH NUMBERS FOR CL VS ALPHA
MACH NUMBERS
	







6	 ALPHA-CL PAIRS FOR MACH NUM.=	 0.000
ALPHA
	
0.000	 14.590	 20.000	 340.000	 349.600	 '060.000
CL
	
0.051000	 1.690000	 0.800000 -0.800000 -1.120000 	 0.051000
6	 ALPHA-CL PAIRS FOR MACH NUM.=	 0.300
ALPHA
	
0.000	 13.910	 20.000	 340.000	 350.000	 360.000
CL
	
0.053000	 1.690000	 0.800000 -0.800000 -1.120000 	 0.053000
6	 ALPHA-CL PAIRS FOR MACH NUM.=	 0.400
ALPHA
	
0.000	 10.040	 20.000	 340.000	 353.100	 360.000
CL
	
0.055000	 1.300000	 0.800000 -0.800000 -0.800000 	 0.055000
6	 ALPHA-CL PAIRS FOR MACH NUM.=	 0.500
ALPHA
	
0.000	 8.560	 20.000	 340.000	 355.400	 360.000
CL
	
0.061000	 1.200000	 0.800000 -0.800000 -0.550000 	 0.061000





20.000	 340.000	 357.200	 360.000
CL
	
0.067000	 0.860000	 0.800000 -0.800000 -0.340006	 0.067000




	 3.080	 20.000	 340.000	 358.300	 360.000
CL
	
0.078000	 0.590000	 0.800000 -0.890000 -0.200000 	 0.078000
6	 ALPHA-CL PAIRS FOR MACH HUM.=	 0.800
ALPHA
	








6	 ALPHA-CL PAIRS FOR MACH HUM.= 	 0.850
ALPHA
	
0.000	 20.000	 340.000	 359.00( ► 	 359.800	 360.000
CL
	
0.082000	 0.800000 -0.800000 -0.120000	 0.075000	 0.082000
6	 ALPHA-CL PAIRS FOR MACH HUM.= 	 0.900
ALPHA
	
0.000	 4.470	 20.000	 340.000	 354.700	 360.000
CL
	
0.067000	 0.800000	 0.800000 -0.800000 -0.800000	 0.067000
6	 ALPHA-CL PAIRS FOR MACH HUM.= 	 1.000
ALPHA
	





0.800000	 0.800000 -0.800000 -0.800000	 0.030000
B-8
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011	 A-1 AIRFOIL WITH 0.350 Fl.AP ( 0 DEG. FLAP ANGLE) 10/27/81
KkKKKKKKKKKKKKKKKKKNNKKK DRAG TABLE kkKNKKNNNN?^kNNkNNkkKkNkkkkN^NKK




19	 ALPHA VALUES FOR CD VS M
ALPHA
	
0.000	 1.000	 2.000	 3.000	 4.000	 5.000	 8.000
	
10.000	 12.000	 14.000	 18.000	 348.000	 350.000	 352.000
	
355.000	 357.000	 358.000	 359.000	 360.000
8	 M-CD PAIRS FOR ALPHA =	 0.000
MACH
	




0.010000	 0.010000	 0.008100	 0.00400	 0.015540	 0.028000	 0.054000
0.107000
8	 M-CD PAIRS FOR ALPHA =	 1.000
MACH
	




0.009800	 0.009800	 0.008300	 0.009200	 0.013000	 0.023000	 0.041000
0.120000
7	 M-CD PAIRS FOR ALPHA =	 2.000
MACH
	
0.000	 0.200	 0.600	 0.700	 0.725	 0.800	 1.000
CD
	
0.009600	 0.009600	 0.008800	 0.014000	 0.016500	 0.040000	 0.146000
7	 M-CD PAIRS FOR ALPHA =	 3.000
MACH
	
0.000	 0.200	 0.600	 0.655	 0.680	 0.700	 1.000
CD
	
0.009800	 0.009800	 0.009300	 0.012000	 0.014600	 0.019200	 0.172200
7	 M-CJ PAIRS FOR ALPHA =	 4.000
MACH
	
0.000	 0.200	 0.500	 0.600	 0.645	 0.675	 1.000
CD
	
0.010200	 0.010200	 0.010000	 0.011000	 0.015000	 0.018000	 0.183700
7	 M-CD PAIRS FOR ALPHA =	 5.000
MACH
	
0.0co	 0.200	 0.500	 0.600	 0.625	 0.650	 1.000
CD
	
0.010900	 0.010900	 0.010500	 0.015400	 0.017900	 0.025400	 0.203900
6	 M-CD PAIRS FOR ALPHA =	 8.000
MACH
	
0.000	 0.200	 0.400	 0.530	 0.600	 1.000
CD
	
0.011500	 0.011500	 0.014700	 0.017900	 0.045000	 0.249000
B-9
5 M-CD PAIRS FOR ALPHA =	 10.000
MACH
0.000 0.200	 0.430 0.500	 1.000
CD
0.015500 0.015500	 0.027000	 0.045000 0.300000
4 M-CD PAJRS FOR ALPHA =	 12.6110
MACH
0.000 0.350	 0.450 1.000
CD
0.026000 0.026000	 0.056000	 0.336500

























5 M-CD PAIRS FOR ALPHA =	 355.000
MACH
6.000 0.200	 0.400 0.500	 1.000
CD
0.012400 0.012400	 0.011200	 0.621200 0.276200
6 M-CD PAIRS FOR ALPHA =	 357.000
MACH
0.000 0.200	 0.400 0.500	 0.617 1.000
CD
0.010850 0.010350	 0.009600	 0.009900 0.021500 0.217200
6 •'I-CD PAIRS	 FOR ALPHA =	 358.000
MAC 4
0.000 0.200	 0.50C 0.600
	 0.70". 1.000
CD




	 M-CD PAIRS FOR ALPHA = 	 359.000
'
	
01000	 0.200	 0.500	 0.600	 0.700	 0.800	 1.000
CD
	
0.010000	 0.010000	 0.008600	 0.003400	 0.009600	 0.015800	 0.117800
	
8	 M-CD PAIRS FOR ALPHA = 	 360.000
MACH
	




0.010000	 0.010000	 0.008100	 0.008400	 0.015500	 0.028000	 0.054000
0.107000
B-11
1Oil	 A-1 AIRFOIL WITH 0.35C FLAP	 (	 0	 DEG.	 FLAP ANGLE)	 10/27/81
****** *#*****	 PITCHING MOMEN's TABLE *****************
VALUES OF CM fOR MAXIMUM PUS-NEG ANGLES
-0.0343 0.1750
19 ALPHA VALUES FOR CM VS M
ALPHA
0.000 1.000 2.030	 3.080 5.410 8.560	 10.040
13.910 14.590 16.000	 344.000 349.600 350.000	 353.100
355.400 357.200 358.300	 353.800 360.000
8 M-CM PAIRS FOR ALPHA = 0.000
MACH
0.000 0.400 0.500	 0.600 0.700 0.800	 0.850
1.000
CM
-0.005000 -0.005900	 -0.006000 -0.008500 -0.014000 -0.025500	 -0.033000
-0.052000
8 M-CM PAIRS FOR ALPHA = 1.000
MACH
0.000 0.400 0.500	 0.600 0.700 0.800	 0.850
1.000
CM
-0.005000 -0.005000	 -0.006000 -0.008500 -0.014000 -0.025500	 -0.032003
-0.050^00
8 M-CM PAIRS FOR ALPHA = 2.030
MACH
0.000 0.400 0.500	 0.600 0.700 0.800	 0.850
1.000
CM
-0.005000 -0.005000	 --0.006000 -0.008500 -0.014000 -0.025500	 -0.032000
-0.050000
8 M-CM PAIRS FOR ALPHA = 3.080
MACH
0.000 0.400 0.500	 0.600 0.700 0.800	 0.850
1.000
CM
-0.075000 -0.005000	 -0.006000 -0.00&500 -0.614000 -0.057000	 -0.050000
-0.070000
7 M-CM PAIRS FOR ALPHA = 5.410
MACH
0.000 0.400 0.500	 0.600 0.7VO 0.800	 1.000
CM
-0.005700 -0.005000	 -0.006000 -0.008500 -0.' G8000 -0.073000	 -0.120000
5 M-CM PAIRS FOR ALPHA = 8.560
MACH
0.000 0.400 0.500	 v.700 1.000
CM
-0.005000 -0.005000	 -0.006000 -0.092000 -0.200000
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4	 M-CM PAIRS FOR ALPHA =	 10.040
MACH
	
0.000	 0.450	 0.700	 1.000
CM
-0.005000 -0.005000 -0.111000 -0.200000
4	 M-CM PAIRS FOR ALPHA =	 13.910
MACH
	
0.000	 0.300	 0.700	 1.000
CM
-0.005000 -0.005000 -0.165000 -0.200000
4	 M-CM PAIRS FOR ALPHA =	 14.590
MACH
	
0.000	 0.300	 0.700	 1.000
CM
-0.005000 -0.016000 -0.175000 -0.200000














8	 M-CM PAIRS FOR ALPHA =	 349.soc
MACH
	




-0.005000	 0.007000	 0.100000	 0.16804G	 0.220000
0.250000
8	 M-CM PAIRS FOR ALPHA =	 350.000
MACH
	




-0.005000 -0.005000	 0.038000	 0.156000	 0.208000
0.238000
7	 M-CM PAIRS FOR ALPHA =	 353.100
MACH
	
0.000	 0.F00	 0.500	 0.600	 0.700
CM
	
0.005000 -0.005000	 0.063000	 0.115000	 0.142000
7	 M-CM PAIRS FSR ALPHA =	 355.400
MACH
	
0.000	 0.400	 0.500	 0.600	 0.700
CM
	





























7 M-CM PAIRS FOR ALPHA = 	 357.200
MACH
0.000 0.400
	 0.500	 0.600	 0.700 0.800 1.000
j	 CM
-0.005000 -0.005000	 -0.006000	 -0.008500	 0.019000 0.023000 0.023000
8 M-CM PAIRS	 FOR ALPHA	 =	 358.300
MACH
0.000 0.400	 0.500	 0.600	 0.700 0.800 0.850
1.000
CM
-0.005000 -0.005000	 -0.006000	 -0.008500	 -0.014000 -0.020000 -0.022000
-0.022CCO
8 M-CM PAIRS FOR ALPHA = 	 358.800
MACH
0.000 0.400	 0.500	 0.600	 0.700 0.800 0.850
1.000
CM
-0.005000 -0.005000	 -0.006000	 -0.008500	 -0.014000 -0.025500 -0.042000
-0.042000
8 M-CM PAIRS FOR ALPHA = 	 360.900
MACH






	 -0.006000	 -0.008D00	 -0.014000 -0.025500 -0,033000
-0.052000
B-14
B.3 Sectional Characteristics in Tabular Form
for 6F = 5°
012	 A - 1 AIRFOIL WITH 0 . 35C FLAP ( 5 DEG. FLAP ANGLE) 10/27/81
	180.	 180. MAX POS ALPHA.MAX MEG ALPHA
CL180	 K1	 K2	 K3	 K4	 CONTROL NOS.
	
0.0000	 1.0000	 1.0000	 1.0000	 1.0000
10 HO.OF MACH NUMBERS FOR CL VS ALPHA
MACH NUMBERS
	
0.000	 0.300	 0.400	 0.500	 0.600	 0.700	 0.800
	
0.825	 0.900	 1.000
****** LIFT TABLE x1^cxIrlt****x**x^t*
6	 ALPHA-CL PAIRS FOR MACH HUM.= 	 0.000
ALPHA
	0.000	 12.380	 20.000	 340.000	 347.200	 360.000
CL
	
0.433000	 1.820000 0.800000 -0.800000 -1.000000 	 0.433000
ALPHA-CL PAIRS FOR MACH NUM.= 	 0.300
ALPHA
	
:-OCO	 11.640	 20.000	 340.000	 347.600	 360.000
CL
	
0.434 ,10	 1.820000	 0.800000 -0.800000 -1.000000	 0.454000
6	 AL?HA-CL PAIRS FOR MACH NUM.= 	 0.400
A"IFNA
	0.00"	 8.240	 20.000	 340.090	 351.300	 360.000
C
	
0.579000	 1.570003	 0.800000 -0.800000 -0.600000	 0.479000
6	 ALPHA-CL PAIRS FOR MACH NUM.= 	 0.500
ALPHA.
	0.090	 6.740	 20.000	 340.000	 353.500	 360.000
CL
	
0.513000	 1.410000 0.800000 -0.800000 -0.350000 	 0.513000
6	 ALPHA-CL PAIRS FOR MACH NUM.= 	 0.600
ALPHA
1	
0.000	 3.380	 20.11j00	 340.000	 355.500	 360.000
V L
	
0.564000	 1.060000	 0.300000 -0.800000 -0.100000	 0.564000
6	 ALPHA-CL PAIRS FOP. MACH NUM.= 	 0.700
ALPHA
	
0.000	 8.910	 70.0!10	 340.000	 356.500	 360.000
CL
	
0.649800	 0.810090	 0.800100 -0.800000	 0.070000	 0.649000
6	 ALPHA-CL PAIRS FOR MACH MUM.=	 0.800
ALPHA
	
0.000	 20.000	 340.000	 357.100	 359.200	 350.000
CL
	
0.550000	 0.800000 -0.800000	 0.150000	 0.540000	 0.550000
B-15
w6	 ALPHA-CL PAIRS FOR MACH HUM.= 	 0.825
ALPHA
	






	 0.140000	 0.270000	 0.327000
6	 ALPHA-CL PAIRS FOR MACH HUM.= 	 0.900
ALPHA
	
0.000	 1.500	 20.000	 340.000	 351.900	 360.000
CL
	
0.51000 0.800000	 0.800000 -0.800000 -0.800000	 0.551000




	 5.580	 20.000	 340.000	 349.600	 360.000
CL
	
0.242000 0.800000 0.800000 -0.800000 -0.800000	 0.242000
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012	 A-1 AIRFOIL WITH 0.35C FLAP	 (	 5 DEG.	 FLAP ANGLE)	 10/27/81
k^tx*^***x*	 DRAG TABLE** ***xH
MAXIMUM POS -NEG ANGLES IN CD-M TABLES
16.000 346.000
18 ALPHA VALUES FOR CD VS M
ALPHA
0.000 1.000	 2.000	 3.000	 5.000 8.000	 10.000
12.000 16.000	 346.000	 348.000	 350.000 352.000	 355.000
357.000 358.000	 359.000	 360.000
7 M-CD PAIRS FOR ALPHA =	 0.000
MACH
0.000 0.200	 0.500	 0.600	 0.700 0.760	 1.000
CD
0.009800 0.009800	 0.009100	 0.009200	 0.017000 0.023000	 0.145400
5 M-CD PAIRS FOR ALPHA =	 1.000
MACH
0.000 0.500	 0.600	 0.700	 1.000
CD
0.009900 0.009900	 0.011500	 0.025000	 0.178000
6 M-CD PAIRS FOR ALPHA =	 2.000
MACH
0.000 0.300	 0.400	 0.500	 0.640 1.000
CD
0.010400 0.010400	 0.010700
	 0.011000	 0.018000 0.201600
5 M-CD PAIRS FOR ALPHA =	 3.000
MACH





6 M-CD PAIRS FOR ALPHA =	 5.000
MACH
0.000 0.200	 0.400	 0.500	 0.570 1.000
CD
0.013400 0.013400	 0.015300	 0.017100	 0.033500 0.252800






0.022500 0.022500	 0.029500	 0.327850









































4	 M-CD PAIRS FOR ALPHA =	 352.000
MACH
	
0.000	 0.300	 0.400	 1.000
CD
	
0.011600	 0.011600	 0.012200	 0.318200
6	 M-CD PAIRS FOR ALPHA =	 355.000
MACH
	0.000	 0.200	 0.400	 0.500	 0.550
CD
	
0.010400	 0.010400	 0.009300	 0.009200	 0.009200
6	 M-CD PAIRS FOR ALPHA =	 357.000
MACH
	
0.000	 0.200	 0.600	 0.700	 0.800
CD
	
0.009800	 0.009800	 0.008200	 0.008200	 0.021000
6	 M-CD PAIRS FOR ALPHA =	 358.000
MACH
	
0.000	 0.700	 0.600	 0.700	 0.800
CD
	
0.009800	 0.009800	 0.008200	 0.008400	 0.018600
9	 M-CD PAIRS FOR ALPHA =	 359.000
MACH
	





0.010000	 0.010000	 0.009000	 0.008800	 0.008700
	
0.026550	 0.128550




















012	 A-1 AIRFOIL WITH 0.35C FLAP	 (	 5 DEG.	 FLAP ANGLE)	 10/27/81
****** **^*	 PITCHING MOMENT TABLE *************
VALUES OF CM FOR MAXIMUM POS-NEG ANGLES
-0.1260 0.0430
16 ALPHA VALUES FOR CM VS M
ALPHA
0.000 1.000 3.400	 6.700 8.24C 11.640 12.400
16.000 344.000 347.600	 351.300 353.500 355.500 356.500
359.200 360.000
8 M-CM PAIRS FOR ALPHA = 0.000
MACH
0.000 0.300 0.400	 0.500 0.600 0.700 0.800
1.000
CM
-0.065000 -0.065000	 -0.070000 -0.077000 -0.086000 -0.099000 -0.112000
-0.138000
7 M-CM PAIRS FOR ALPHA = 1.000
MACH
0.000 0.300 0.400	 0.500 0.600 0.790 1.000
CM
-0.065000 -0.065000	 -0.070000 -0.077000 -0.086000 -0.099000 -0.138000
6 M-CM PAIRS FOR ALPHA = 3.400
MACH
0,000 0.300 0.400	 0.500 0.600 1.000
CM
-0.065000 -0.065000	 -0.370000 -0.077000 -0.085000 -0.180000
7 M-CM PAIRS FOR ALPHA = 6.700
MACH
O.00 q 0.300 0.400	 0.500 0.690 0.700 1.000
CM
-0.065000 -0.070000 -0.077000 -0.135000 -0.180000 -0.280000
7 h-rM 7 "P S FOR ALPHA = 8.240
MACH
0.000 J.3c_ 0.400	 0.500 0.6uO 0.700 1.000
CM
-0.065000 -0.065000	 -n.070000 -0.098000 -0.154000 -0.201000 -0.280000
4 M-CM PAIRS FOR ALPHA = 11.640
MACH
0.000 0.300 0.600	 1.000
CM
-0.065000 -0.065000	 -c'.201000 -0.280000
4 M-CM PAIRS FOR ALPHA	 = 12.400
MACH















6 M-CM PAIRS FOR ALPHA =	 347.600
MACH
0.000 0.300 0.400 0.500	 0.600 1.000
CM
-0.065000 -0.065000	 0.040000 0.100000 0.150000 0.150000
7 M-(,M PAIRS FOR ALPHA =	 351.300
MACH




-0.065000 -0.065000	 -0.070000 -0.011000 0.041000 0.060000 0.060000
7 M-CM PAIRS FOR ALPHA =	 353.500
MACH
0.000 0.300 0.400 0.500	 0.600 0.700 1.000
CM
-0.065000 -0.065000	 -0.070000 -0.077000 -0.024000 -0.008000 -0.008000
7 M-CM PAIRS FOR ALPHA =	 355.500
MACH
0.000 0.300 0.400 0.500	 0.600 0.700 1.000
CM
-0.065000 -0.065000	 -0.070000 -0.077000 -0.086000 -0.070000 -0.070000
7 M-CM PAIRS FOR ALPHA =	 356.500
MACH
0.000 0.300 0.400 0.500	 0.600 0.700 1.000
CM
-0.065000 -0.065000	 -0.070000 -0.077000 -0.086000 -0.099000 -0.136000
7 M-CM PAIRS FOR ALPHA =	 359.200
MACH
0.000 0.300 0.400 0.500	 0.600 0.700 1.000
CM
-0.065000 -0.065000	 -0.070000 -0.077000 -0.086000 -0.099000 -0.136000
8 M-CM PAIRS FOR ALPHA =	 360.(00
MACH





-0.070000 -0.077000 -0.086000 -0.099000 -0.122000
-0.138000
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B.4 Sectional Characteristics in Tabular Form
for 6 F
 = 10°
013	 A-1 AIRFOIL WITH 0.35C FLAP (10 DEG. FLAP ANGLE) 10/27/81
	
180.	 180. MAX POS ALPHA,MAX MEG ALPHA
CL180	 K1	 K2	 K3	 K4	 CONTROL NOS.
	
0.0000	 1.0000	 1.0000	 1.0000	 1.0000










MMilIEMMMMMMlINMNliMMMlfitNxlEN	 LIFT TABLE ^^*^^^ Mx^ *M klEM1F *^ * ^^*
6	 ALPHA-CL PAIRS FOR MACH NUM.=	 0.000
ALPHA
	
0.000	 10.200	 20.000	 340.060	 347.200	 360.000
CL
	
0.815000	 1.960000 0.800000 -0.800000 -0.620000	 0.815000
6	 ALPHA-CL PAIRS FOR MACH NUM.=	 0.300
ALPHA
	
0.400	 9.400	 20.000	 340.000	 347.500	 360.000
CL
	
0.854000	 1.960000	 0.800000 -0.800000 -0.6Zc000 	 0.854000
6	 ALPHA-CL PAIRS FOR MACH HUM. =	0.400
ALPHA
	




	 1.310000	 0.800000 -0.800000 -0.420000 	 0.903000
6	 ALPHA-CL PAIRS FOR MACH NUM.=	 0.500
ALPHA
	
0.000	 0.900	 20.000	 340.000	 351.600	 360.000
CL
	
0.960000	 1.080000	 0.800000 -0.800000 -0.160000 	 0.960040
6	 ALPHA-CL PAIRS FOR MACH HUM.=	 0.600
ALPHA
	
0.000	 20.000	 340.000	 353.400	 359.200	 360.000
CL
	
0.925000	 0.800000 -0.800000 	 0.080000	 0.930000	 0.925000
6	 ALPHA-CL PAIRS FOR MACH NUM.=	 0.650
ALPHA
	
0.000	 20.000	 340.000	 354.200	 356.800	 360.000
CL
	
0.628000	 0.800000 -0.800000	 0.200000	 0.600000	 0.628000
6	 ALPHA-CL PAIRS FOR MACH NUM.=	 0.700
ALPHA
	
0.000	 20.000	 340.000	 354.800	 355.100	 360.000
CL
	
0.447000	 0.800000 -0.800000 	 0.300000	 0.360000	 0.447000
B-21




	 340.000	 348.500	 357.400	 360.000
CL
	
0.800000	 0.800000 —0.800000 —0.800000	 0.800000	 0.800000




0.000	 20.000	 340.000	 346.800	 357.600	 360.000
CL
	
0.800000	 0.8u0000 —0.800000 —0.800000 0.800000
	 0.800000




	 20.000	 340.000	 343.400	 359.400	 360.000
CL
	
0.800000	 0.800000 —0.800000 —0.800000
	 0.800000	 0.800000
B -22
013	 A-1 AIRFOIL WITH 0.35C FLAP (10 DEG. FLAP ANGLE) 10/27/81
kkkkkkkkkkkkkkkkkkkkkkkk DRAG TABLE kkkkkkkkkkkkkkkkkkkkkkkkkkkkkk




18	 ALPHA VALUES FOR CD VS M
ALPHA
	
0.000	 1.000	 2.000	 3.000	 5.000	 8.000	 12.000
	







5	 M-CD PAIRS FOR ALPHA =	 0.000
MACH
	
0.000	 0.200	 0.400	 0.525	 1.000
CD
	
0.013500 0.013500	 0.013900	 0.016000 0.258250
4	 M-CD PAIRS FOR ALPHA =	 1.000
MACH
	
0.000	 0.400	 0.500	 1.000
CD
	
0.015000	 0.015000	 0.024000	 0.279000
4	 M-CD PAIRS FOR ALPHA =	 2.000
MACH
	
0.000	 0.300	 0.430	 1.000
CD
	
0.017000	 0.017000	 0.018200	 0.308900
4	 M-CD PAIRS FOR ALPHA =	 3.000
MACH
	
0.000	 0.300	 0.400	 1.000
CD
	
0.019000	 0.019000	 0.026200	 0.332200








































3	 M-CD PAIRS FOR ALPHA =	 348.000
MACH
	




4	 M-CD PAIRS FOR ALPHA =	 352.000
MACH
	
0.900	 0.400	 0.500	 1.000
CD
	
0.012000	 0.012000	 0.016000	 0.271000
4	 M-CD PAIRS FOR ALPHA =	 354.000
MACH
	
0.000	 0.600	 0.660	 1.000
CD
	
0.012000	 0.012000	 0.018000	 0.191400








0.012000	 0.012000	 0.016000	 0.169000
5	 M-CD PAIRS FOR ALPHA = 	 356.000
MACH
	
0.00"	 0.400	 0.600	 0.700	 1.000
CD
	
0.012000	 0.012000	 0.011400	 0.018500	 0.171500







4	 M-CD PAIRS FOR ALPHA =	 358.000
MACH
	
0.0on	 0.300	 0.600	 1.000
CD
	
0.012100	 0.012100	 0.013500	 0.217500
6	 M-CD PAIRS FOR ALPHA =	 359.000
MACH
	
0.000	 0.300	 0.400	 0.500	 0.600
CD
	
0.012700	 0.012700	 0 012900	 0.013400	 0.016400
5	 M-CD FAIRS FOR ALPHA =	 360.000
MACH
	
0.000	 0.200	 0.40C	 0.525	 1.090
CD
	
0.013500	 0.013500	 0.013900	 0.016000	 0.259'-'50
C	 B-24I
013	 A-1 AIRFOIL WITH 0.35C FLAP	 (10 DEG.	 FLAP ANGLE)	 10/27/81
NNNNNNNNNNNNNNNNNNNN PITCHING MOMENT TABLE NNNNNNNNNNNNNMNNNNNNNNNN
VALUES OF CM FOR MAXIMUM POS-PEG ANGLES
-0.2064 -0.0090
14 ALPHA VALUES FOR CM VS M
ALPHA
0.000 0.900 3.300	 9.400 16.000 344.000	 347.500
349.400 351.600 353.400	 355.100 356.800 3559.200	 360.000
6 M-CM PAIRS FOR ALPHA = 0.000
MACH
0.000 0.360 0.400	 0.500 0.600 1.000
CM
-0.114000 -0	 114000	 -0.122000 -0.132000 -0.160000 -0.160000
6 M-CM PAIRS FOR ALPHA = 0.900
MACH
0.000 0.300 0.490	 0.500 O.o00 .1.000
CM
-0.114000 -0.114000	 -0.122000 -0.132000 -0.174000 -0.174000
5 M-CM PAIRS FOR ALPHA = 3.300
MACH
0.000 ".300 0.400	 0.600 1.000
CM
-0.114000 -U.11 6 000	 • 0.122000 -0.205000 -0.205000
5 M-CM PAIRr FOR ALPHA = 9.400
MACH
0.000 0.300 0.400	 0.600 1.000
CM
-0.114000 -0.114000	 -0.207000 -0.290000 -0.290000










8 M-CM PAIRS FOR ALPHA	 =	 347.500
MACH
0.000 0.300 0.400
	 0.500 0.600 0.650	 0.700
1.000
CM
-0.114000 -0.114000	 -0.067000 -0.009000 0.031000 0.041000	 0,045009
..045000
B-25
7 M-CM PAIRS =0P ALPHA =	 349.400
MACH
0.000 0.300 0.400 0.500	 0.600 0.650 1.000
CM
-0.114000 -0.114000	 -0.122000 -0.067000	 -0.027000 -0.015000 -0.015000
a M-CM PAIRS FOR ALPHA =	 351.600
MACH
0.000 0.300 0.400 0.500	 0.600 0.650 0.700
1.000
CM
-0.114000 -0.114^90	 -x.122000 -0.132000	 -0.092000 -0.080000 -0.076000
-0.076000
a M-CM PAIRS FOR ALPHA =	 353.400
MACH
0.000 0.300 0.400 0.500	 600 0.657 0.700
1.000
CM
-0.114000 -0.114000	 -0.122000 -0.132000	 -0.14;100 -4.134000 -0.131000
-0.731000
a M-CM PAIRS FOR ALPHA =	 355.100
MACH
0.000 0.300 0.400 0.500	 0.600 0.650 0.700
1.000
CM
-0.114000 -0.114000	 -0.122000 -9.132000	 -0.147000 -0.158000 -0.172000
-0.172000
a M-CM PAIRS FOR ALPHA =	 356.800
MA:H
0.000 0.300 0.400 0.500	 0.600 0.650 0,700 
1.000
CM




6 M-CM PAIRS FOR ALPHA =	 359.200
MACH
O.000 0.300 0.-^00 0.500	 0.600 1.000
CM
-0.114000 -0.114000	 -0.122000 -0 13200	 -0.147000 -0.147000
6 M-CM PAIRS FOR ALPHA =	 360.000
MACH








B.5 Sectional Characteristics in Tabular Form
for u F
 = 15°
014	 A-1 AIRFOIL WITH C.35C FLAP (15 DEG. FLAP ANGLE) 10/27/81
	
180.	 180. MAX POS ALPHA,MAX MEG ALPHA
CLISO	 K1	 K2	 K3	 K4	 CONTROL NOS.
	
0.0000	 1.0000	 1.0000	 1.0000	 1.0000
10 HO.OF MACH NUMBERS FOR CL VS ALPHA
MACH NUMBERS
	
0.000	 0.300	 0.400	 0.500	 0.550	 0.600	 0.700
	
0.800	 0.900	 1.00
x	 ^^A A A*	 LI, T ', ,BLE *	 x x x * * x* * * * *
6	 ALPHA-CL PAIRS FOR MACH NUM.=	 0.000
ALPHA
	
0.000	 1.910	 20.000	 340.000	 344.600	 360.000
CL
	
1.186000	 1.400000 0.800000 -0.800000 -0.540000 	 1.186000
6	 ALPHA-CL PAIRS FOR MACH NUM.=	 0.300
ALPHA
	
0.000	 1.340	 20.000	 340.000	 344.800	 360.000
CL
	
1.245000	 1.400000 0.800000 -0.800000 -0.540000 	 1.243000
6	 ALPHA-CL PAIRS FOR MACH NUM.= 	 0.400
ALPHA
	
0.000	 20.000	 340.000	 347.000	 357.600	 360.000
CL
	
0.996000	 0.800000 -0.800000 -0.310000	 1.020000	 0.996000
6	 ALPHA-CL PAIRS FOR MACH NUM.= 	 0.500
ALPHA
	
0.000	 20.000	 340.000	 349.700	 356.800	 360.000
CL
	
0.951000	 0.800000 -0.800000	 0.J30000	 0.975000	 0.951000
6	 ALPHA-CL PAIRS FOR MACH NUM.= 	 0.550
ALPHA
	
0.000	 20.0J0	 340.000	 350.800	 355.700	 360.000
CL
	
0.841000	 0.800000 -0.800070	 0.170000	 0.850000	 0.841000
6	 ALPHA-CL PAIRS FOR MACH NUM.= 	 0.600
ALPHA
	
0.000	 20.000	 340.000	 351.700	 353.100	 360.000
CL
0.577000 V tOOVO -0.800000 0.300000 0.500000 0.577000
6	 ALPHA-CL PAIRS FUR MACH HUM.= 	 0.700
ALFHA
	
0.000	 20.000	 340.000	 343.750	 353.700	 360.000
CL
	
0.800000	 0.800000 -0,809000 -0.800000	 0.800000	 0.800000
B-27
6	 ALPHA-CL PAIRS FOR MACH HUM. =	0.800
ALPHA
	
0.000	 20.000	 340.000	 343.000	 352.800	 360.000
CL
	
0.800000	 0.800000 -0.800000 -0.800000 	 0.800000	 0.800000
6	 ALPHA-CL PAIRS FOR MACH HUM.=	 0.900
ALPHA
	
0.000	 20.000	 340.000	 341.000	 353.000	 360.000
CL
	
0.800000	 0.800000 -0.800000 -0.804000 	 0.800000	 0.800000








	 0.800000 -0.626000 	 0.800000	 0.800000
B-28
014	 A-1 AIRFOIL WITH 0.35C FLAP (15 DEG. FLAP ANGLE) 10/27/81
DRAG TABLE
MAXIMUM POS -NEG ANGLES IN CD-M TABLES
16.000 344.000
17 ALPHA VALUES FOR CD VS M
ALPHA
0.000 1.000	 4.000	 8.000	 16.0"0 344.000	 345.000
348.000 350.000	 352.000	 354.000	 355.0,10 356.000	 357.000
358.000 359.000	 360.000











0.025000 0.025000	 0.031000	 0.388000

























6 M--CD PAIRS	 FOR ALPHA	 =	 348.000
MACH
0.000 0.300	 0.400	 0.440	 0.500 1.000
CD
0.012500 0.012500	 0.013000
	 0.016400	 0.047000 0.302000
B-2.9




	 0.300	 0.400	 0.500	 1.000
CD
	
0.011600	 0.011600	 0 012400	 0.016000	 0.271000
7	 M-CD PAIRS FOR ALPHA =	 352.000
MACH
	




	 0.012500	 0.014000	 0.020500








	 0.011500	 0.012600	 0.014300	 0.039800
6	 M-i.D PAIRS FOR ALPHA = 	 355.00u
MACH
	
0.000	 0.300	 0.400	 0.535	 0.600
CD
	
0.011700	 0.011700	 0.013000	 0.014600	 0.045200








0.012200 0.012200	 0.017000	 0.266300








	 0.019000	 0.022000	 0.302500































014	 A-1 AIRFOIL WITH 0.35C FLAP	 (15 DEG.	 FLAP ANGLE)	 10/27/81
kkkkkkkkkkkkkkkkkkkk PITCHING MOMENT TABLE	 kkkkkkkkkkkkkkkkkkkkkkkk
VALUES OF CM FOR MAXIMUM POS-NEG ANGLES
-0.3852 -0.1560
19 ALPHA VALUES FOR CM VS M
ALPHA
0.000 1.340	 1.910	 16.000	 344.000 344.600	 344.800
347.000 348.000	 349.000	 349.700	 350.800 353.100	 354.000
355.000 355.700	 356.800	 357.600	 360.000
4 M-CM PAIRS FOR ALPHA	 =	 0.000
MACH
0.000 0.300	 0.550	 1.00
CM
-0.180000 -0.180000	 -0.290200	 -0.290200
4 M-CM PAIRS FOR ALPHA	 =	 1.340
MACH
0.000 0.300	 0.550	 1.000
CM
-0.180000 -0.180000	 -0.308960	 -0.308960
4 M-CM PAIRS FOR ALPHA = 	 1.910
MACH
0.000 0.300	 0.550	 1.000
CM
-0.180000 -0.188000	 -0.316940	 -0.316940










7 M-CM PAIRS FOR ALPHA	 =	 344.600
MACH
0.000 0.300	 0.400	 0.500	 0.550 0.600	 1.000
CM
-0.180000 -0.174000	 -0.120000	 -0.060000	 -0.044000 -0.044000	 -0.044000
7 M-CM PAIRS FOR ALPHA	 =	 344.800
MACH
0.000 0.300	 0.400	 0.500	 0.550 0.600	 1.000
CM
-0.180000 -0.180000	 -0.1260^0	 -0.066000	 -0.050000 -0.050000	 -0.050000
7 M-CM PAIRS
	
r 0R ALPHA	 =	 347.000
MACH
0.000 0.300




	 -0.144000	 -6.116000 0.116000	 -0.116000
I
B-31
i7	 M-CM PAIRS FOR ALPHA =	 348.000
MACH
	
0.000	 0.300	 0.400	 0.500	 0.550	 0.600	 1.000
CM
-0.180000 -0.180000 -0.192000 -0.162000 -0.146000 -0.146000 -0.146000
4	 M-CM PAIRS FOR ALPHA =	 349.000
MACH
	
0.000	 0.31)0	 0.400	 1.000
CM
-0.180000 -0.180000 -0.192000 -0.192000
6	 M-CM PAIRS FOR ALPHA =	 349.700
MACH
	
0.000	 0.300	 0.400	 0.500	 0.550	 1.000
CM
-0.180000 -0.180000 -0.192000 -0.213000 -0.197000 -0.210000
6	 M-CM PAIRS FOR ALPHA =	 350.800
MACH
	
0.000	 0.300	 0.400	 0.500	 0.550	 1.000
CM
-0.180000 -0.180000 -0.192000 -0.213000 -7.230000 -0.243000
6	 M-CM PAIRS FOR ALPHA =	 353.100
MACH
	
0.000	 0.300	 0.400	 0.500	 0.550	 1.000
CM
-0.180000 -0.180000 -0.192000 -0.213000 -0.230000 -0.270000






	 0.501D	 0.550	 1.000
CM
-0.180000 -0.180000 -0.192000 -0.213000 -0.230000 -0.297000
6	 M-CM PAIRS FOR ALPHA =	 355.000
MACH
	
0.000	 0.300	 0.400	 0.500	 0.550	 1.000
CM
-0.180000 -0.180000 -0.192000 -0.213000 -0.230000 -0.327000
6	 M-CM PAIRS FOR ALPHA =	 355.700
MACH
	
0.000	 0.300	 0.400	 0.500	 0.550	 1.000
CM
-0.180000 -0.180000 -0.192000 -0.213000 -0.230000 -0.348000





0.400	 0.500	 0.550	 1.0^0
CM
-0.180000 -0.180000 -0.192000 -0.213000 -0.245400 -0.381000
B-32
6	 M-CM PAIRS FOR ALPHA =	 357.600
MACH
	
;.000	 0.300	 0.400	 0.500	 0.550	 1.000
CM
-0.180000 -0.180000 -0.192000 -0.224200 -0.256600 -0.405000
4	 M-CM PAIRS FOR ALPHA =	 360.000
MACH
	
0.000	 0.300	 0.550	 1.000
CM
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Figure B.8
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Drag Coefficient for 6F = 5 0 and a<00
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APPENDIX C




deg	 Angle between the free-stream velocity
direction and the disc plane (a plane
normal	 to the rotor shaft).	 Positive
nose-up.
deg Pitch att i tude of the helicopter fuse-




deg Roll	 attitude of the helicopter fuselage
or text pod, with respect to the free-
stream velocity direction. 	 Positive
for clockwise roll.
deg Shaft (incidence) angle, measured from
a line perpendicular to the fuselage
water line.
	 Positive forward.
deg Lateral cyclic pitch (uniform downwash).
deg Longitudinal cyclic pitch (uniform down-
wash).
ft/sec Rotor tip speed.





lb Required thrust.	 The analysis will	 up-
date the collective pitch until 	 the re-
quired thrust is met.	 If not achievable,
the analysis will
	 stop thrust convergence





















LOCATION SYMBOL UNITS DESCRIPTION
11
YDSD
lb Required side force.	 For any value of
YDSD other than 0.0 (YDSD $ 0.0),	 the
analysis will	 update the lateral 	 cyclic
pitch until	 the required side force is
met.	 If not achievable,	 the analysis
will	 stop at the 16th iteration and
continue with other convergence criteria.
A warning would be printed out in this
case.	 If YDSD — 0.0,	 the analysis will
calculate the side force due to the in-
put lateral	 cyclic (Loc.	 6) without any
iteration.
12 TEMP OF Air temperature.
13 ft Pressure altitude.Hp
14 r/R Flapping hinge offset, measured from
the center of rotation,	 non-dimension-
alized by rotor radius.
15 b - Number of blades.




18 a - Root chord solidity based on the entire
blade having chord equal	 to the root
chord (bcAR).
19 - Solidity increment from root to tip,a1
Ac,
	
used on blades having linear chord
taper from root to tip.
20 8TW
deg Total blade twist measured from the
center of rotation.
21 -tan63 Pitch-flap	 coupling.KS
22 IF Slug-ft2 Mass moment of inertia of the blade.




Number of blade data stations. The
maximum number is currently 14. The
blade computat i on points are between

















Number of azimuthal increments. The
analysis is currently set up for 15°
azimuthal increments, and therefore, 24
azimuthal positions.
Contro l for solidity and twist input
options:
IDST = 1.O,for solidity table and twist
equation,
IDST = 2.O,for solidity equation and
twist table,
IDST = 3.O,for solidity table and twist
table,
IDST = 4.O,for solidity equation and
twist equation.
Rotor interference option control:
IRRA = 0.0,front rotor
IRRA = 3.O,interference velocity table.
Number of lift, drag and pitching moment
airfoil tables.
Radial station for airfoil Table 1 start-
ing from the inboard end and progressing
tr-.:ards the tip.
Radial station for airfoil Table 2.
Radial station for airfoil Table 3
(Optional).
Radial station for airfoil Table 4
(Optional).
Radial station for airfoil Table 5
(Optional).
Profile drag coeff i cient increment to
be applied at the first airfoil table
station.
Profile drag coefficient increment for
the second data station.
C-3
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LOCATION SYMBOL UNITS DESCRIPTION
36 ACD3 - Profile drag coefficient increment for
the third data station (Optional).
37 ACD4 - Profile drag coefficient increment for
the fourth data station (Optional).
38 ACD5 - Profile drag coefficient increment for
the fifth data station (Optional).
39 PRINT - Printout options:
Print = 1.0,	 azimuthal	 And final	 printout
Print = 2.0,	 azimuthai,	 final	 and	 induced
velocities
Print = 3.0,	 final	 data only
40 CD - Factor on profile drag.
41 PROP - Propeller analysis option set to zero
for articulated rotor analysis.
42 SPIR - Number of far-wake spirals.	 Generally
set to two.
43 - Airfoil	 table identification number for
first data station.
44 - Airfoil	 table identification number for
second data station.
45 - Airfoil	 table	 identification number for
third data station 	 (Optional).
46 - Airfoil	 table	 identification	 number	 for
fourth data station (Optional).
47
- Airfoil	 table identification number for
firth data	 station	 (Optional).
48,	 49,	 50 - - Not used.
615 K ft-lb/Rad Spring constant.
616 63 rad Pitch-flap coupling angle.
642
00
deg Precone angle for rigid blade 	 in propeller
mode.
961 N^ - Number of	 radial	 locations at which flap
mode shape values are
	
specified.











•	 966 m5 -



























First flapping mode shape value at radial
station (2).
First flapping mode shape value at radial
station (3).
First flapping mode shape value at radial
station (4).
First flapping mode shape value at radial
station (5).
First flapping mode shape value at •adial
station (6).
First flapping mode shape value at radial
station (7).
First flapping mode shape value at radial
station (8).
First flapping mode shape value at radial
station (9).
First flapping mode shape value at radial
station (10).
Radial station (1) for first flapping
mode shape value.
Radial station (2) for first flapping
mode shape value.
Radial station (3) for first f,apping
mode shape value.
Radial station (4) for first flapping
mode sha pe value.
Radial station (5) for first flapping
mode shape value.
Radial station (6) for first flapping
made shape value.
Radial station (7) for first flapping
mode shape value.
Radial station (8) for first flapping
mode shape value.
C-5
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980 Xit9 r/R Radial	 station (9) for first flapping
mode shape v3lue.
9P,1 Xit r/R Radial	 station	 (10) for first flapping]O
mode shape value.
982 N6 - Number of radial	 location, ac w'.ich tor-
sion mode shape values are specified.
983 61 - First torsion mode shape value at radial
station (1).
984 62 - First torsion mode shape value at rail`:)
station	 (2).
985 63 - First torsion mode shape value at radial
station	 (3).
986 64 - First torsion mode shape value at radial
station (4).
987 65 - First torsion mode shape value at radial
station	 ;5).
988 66 - Firs, torsion mride shape value at radial
^ station	 (6).
989 67 - First torsion mode shape value at radial
station	 (7).
990 68 - First torsion mode shape value at radial
station	 (8).
991 69 - First torsion mode shape value at radial
station	 (9).
992 610 - First torsion mode shape value at radial
station	 (10).




riR Radial	 station	 (2) for first torsion
mode shape value.
995 X63 r/R Radial	 station	 (3) for first torsion
mode	 shape value.






LOCATION SYMBOL UNITS DESCRIPTION
997 x05 r/R Radial	 station (5) for first torsion
mode shape value.








r/R Radial	 station (8)
	 for first torsion
mode shape value.
1001 x09 r/R Radial	 station (9)	 for first torsion
mode shape value.
1002 x010 r/R Radial	 station (10) for fi rst torsion
mode shape value.
1003 M2 Slug Generalized mass
	
(first flap).
1004 I0 Slug-ft2 First modal
	 inertia.
1005 W1 cycles/rev Modal	 frequency:	 first flap.
1006 w2 cy.,.--/rev Modal	 frequency:	 second flap.
1007 wO cycles/rev Modal
	 frequency:	 first torsion.
1008 PA x/r Pitch axis, measured from the leading
edqe,
	
in fraction of chord.
1009 X& - Factor on the da/dt terms in the sec-
tional	 aerodynamic coefficients.
1010 XA - Factor on the sweep terms in the sec-
tional	 aerodynamic coefficients.
1011 K1 - Value of the "gamma"	 function for lift,
Yc^,	 at M = 0.0.
1012 K2 - Rate of change of the lift gamma func-
tion with Mach number, 	 -(dyCL/dM).
1013 K3 - Value of the gamma function for the
pitching moment coefficient, 	 yCM , at
M = 0.0.
1014 K4 - Pate of change of the gamma function
for the pitching moment coetficient,










DFZ12	 - Damping factors for the first flap mode.








Damping factors for the second flap







FTE2 Damping factors for the first torsion
1023 OFTE3	 -
mode.	 (Set to 0.1)
1024 DFQ1	 -
1025 DFQ2	 - Damping factors for the forcing functions.
1026 DFQ3	 - (Set to 1.0).
1082 SK1




M , for negative rates of changV of
t^Se angle of attack, da/dt<O. 	 Recom-
mended value is SK1 = 0.5.
1083 ABPROD
	 - Limiter on the maximum value of (c6/2v).
The recommended value is ABPROD = 0.07.
1084 COTRCN	 - Option to calculate three-dimensional
tip relief effects on the drag coeffi-
cient by the Le Nard method.	 (YES = 1.0,
NO = 0.0)
1085 - Option to update the wake geometry by
introducing the blade flapping motions
from the non-uniform downwash (NUD)
solution.	 (YES = 1.0,	 NO = 0.0)
1086 - Control	 to generate a magnetic tape con-
taining all	 the wake model	 information
from the last iteration. 	 Provisions
must be made in the JCL for tape mount-
ing instructions and output file	 iden-
tification.	 (YES = 1.0,	 NO = 0.0)
1101 t/c Thickness
	 of the airfoil	 specified at
the first spanwise data station (LOC 29),
in fraction of chord.
	
This	 input is
necessary only when the Le Nard 3-D re-




of the airfoil	 specifies; at
the second data station (LOC 30),	 for









t/c	 Thickness of the airfoil specified at
the third data station (LOC 31), for
the Le Nard 3-D correction.
t/c Thickness of the airfoil specified at
the fourth data station (LOC 32), for
the Le Nard 3-D correction.
t/c
	 Thickness of the airfoil specified at
the fifth data station (LOC 33), for
the Le Nard 3-D correction.
Option control to carry out three-dimen-
sional lift curve slope tip relief cal-
culations (Levacic). (YES = 1.0,
NO = 0.0)
Con-cant in Dr. Levacic's lift curve
slope correction for 3-0 effects. The
recommended value is AP = 0.1.
Constant in Dr. Levacic's lift curve
slope correction for 3-D effects. The
recommended value is XM = 0.1.
Factor on the tip vortex strength limiter.
This limiter is based on Dr. N. Ham's
observation that an individual vortex
cannot induce a local lift coefficient
increment larger than ACI = 0.3.
Use RV1 = 1.0 unless there are






Factor on the vortex limiter as applied
to the root vortex. The value currently
recommended for the B-65 and B-53 codes
is Rk2=0.01.
X/R	 Proximity limiter in the Biot subroutine.
The default value built into the codes
is 0.04 (4% of blade radius). The
recommended value is RVLIM = C75R/R.
Near wake damping. This quantity con-
trols how much of the near-wake induced
velocity calculated in any iteration is
to be used, on the basis of the follow-
ing formula:
V IND - (WDF)(V IND ) NEW + (1-WDF)(VIND)OLD
C-9
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1126	 FLAGAB	 -	 Non-uniform downwash cyclic option. By
setting FLAGAB = 1.0, the analysis will	 I
require and use separate cyclic pitch
controls for the uniform and non uniform
calculations. This allows the separate
trimming of UD and NUD solutions.
1127	 A1C2D	 deg.	 Lateral cyclic pitch input for the
non-uniform downwash (NUD) solution.
Necessary when LOC(1126) = 1.0. The
uniform downwash counterpart of this
input is LOC(6). When the required side
force (LOC 11) is set to 0.0 the analy-
sis will bypass any side force convergence
calculations and print out the side force
values due to the lateral cyclic levels
of L0C(6) and LOC(1126). Whenever the
required sid? force is a value # 0.0,
side force iteration will take place.
1128	 B1C20	 deg.	 Longitudinal cyclic pitch input for the
non-uniform downwash (NVD) solution.
Necessary when LOC(1126) = 1.0. Note:
The propulsive force is not iterated
on in the current B-65, B-66, B-67 and
B-53 codes.
1160	 -	 Near wake limiter. The default value
is (-0.98). The currently recommended
value is 0.9.
1161	 UD	 -	 Option to run uniform or both uniform
and non-uniform downwash calculations.
(a) Unifo ► m only	 UD = 1.0
(b) UD and NUD	 UD = 0.0 (Default
value)
1162	 -	 Option to calculate dynamic stall delay
effects on the pitching moment coeffi-




formulation use LOC(1167) = 1.0. The






1163	 -	 Factor on the OZ vertical displacement
component due to induced effects (uni-
form downwash approximation), used in
constructing the tip vortex structure
of the far wake model. This factor can
be used to move the tip vortices closer
to or away from the blades. Set LOC
(1163) = 1.0 when variation is not needed
1164 - Factor on the AZ vertical displacement
component due to induced effects on the
root vortex components of the far wake
model. Set LOC(1164) = 1.0.
1165	 -	 Control to generate a TSO data file for
computer assisted graphic display of
calculated flow characteristics.
(YES = 1. 0, NO = 0.0).
1166	 Factor on the vortex strength limiter
(N. Ham) as applied to the near wake
vortex segments. Generally set
LOC(1166) = 1.0.
1167	 -	 Factor on the vortex strength limiter
(N. Ham) as applied to the mid-wake
vortex segments. Generally set
LOC(1167) = 1.0.
1168	 -	 Option to include in the unsteady aero
formulation the derivatives of exter-
nally input local pitch angles.
(YES = 0.0)
1169	 -	 Wake geometry skew angle option.
(YES = 0.0)
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